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ABSTRAGCT

| The theoretical model of another author, dealing vith gas
reacfions,_prodﬁcing Co, H, and ﬂé within an interdendritic |
cell during solidification, has been developeé to the extent
that it caﬁlbe applied'to steels containing up to 0e5% carbon,
deoxidised with silicon and manganese, The totél gas pressures

'(=‘PCO + P ) developed in a number of steels, all on

H
2 2 ,
the borderline between being porous and solid, and containing

+ PN

various amounts of CO, H, and N,, have been computeds It has
beeﬁ showﬁ that the gas pressures in steels of borderline'porosity
fall within discrete rangesy which cen be used to predict other |
borderline compositions. ihé model has been applied to the
production of ladle baianced steels.. Good agreement has beenv
found between piant data and predicted results from the model.
An attempt has also been made to account for blowhole nucleation
and growth in terms ofithe computed gas pressures'developea'
during solidification. The model has the advantage over

others so far described in the literature in that it deals
comprehensively with the effect bf hydrogen and nitrogen in

promoting blowholes in steel ingots.
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1e INTRODUCTION

A problem of seaminess or sponginess on wrought materisl
from free cutting, low-carbon, and rail steel qualities has
led to an intensive study of the factors assoclated with
blowhole formation in steel ingois.

It is well known that sub-surface blowholes, when exposed
by oxidation during soaking, tend not to weld up on rolling
and'léave the surface of the finished product-cbvered in
numerous shallow grooves of striations, known as seams.
Blowholes form when the solubility of gases dissolved in the
liguid steel becbmes exceeded locally and there exists a
thermodynamic driving force tending to reduce the gas content.
The amount of gas in solution may decrease elther by escape at
the free surface, providing one is accessible, or by the
formation of a gas bubble in the liquid(1). Gas bubble
formation is considered most likely to occur et a solid/liquid
interface during solidification since it is here that gaseous
elements are rejected from the solid and concentrate in the
liguid in the same way as other impurity elements for which
the distribution coefficient between solid and liquid steel is
less than unitye Chalmers(1) observes that gas bubbles are
in fact found to nucleate at the so0lid/liquid interface.

The main gases contributing to blowhole formation in
steels are CO, H2 and N2, although their relative contributions
may vary somewhate For instance, at the time the present
investigation was begun seaminess problems were occurring on:

(i) freec cutting and killed basic electric arc steels

in which hydrogen pick=-up was a problenuamt

(11) raill steels, made by the acid bessemer process,

in which nitrogen levels were running highi (up to 0.025%)e.



While there has been much work published, on various
types of steels, establishing the maximum gas levels to
avoid sub-surface porosity, the results have been maiﬁly
qualitative in nature. At the time the present work was
instigated, a theorectical treatment becane available which
made it possible to calculate the partial pressures of CO,
H2 and N2 in liquid steel during cooling and solidification
by considering sultable thermodynamic and segregation data.
The method, howvever, was originelly applied only to steels
containing small omounts of carbon (0.10% maximum)e It was
decided, therefore, to modify the model in order that it could
be applied to the wide range of compositions upon which
porosity studies had to be performed at the time. In
conjunction with the theoretical work, the limits, to which
Co, H, and N, nust be controlled in order to avoid sub-surface
porosity in steel ingots, werc determined on an experimental
basise In this dissertation it will be shovm that, by
applylng the theoretical model to the experimental resulis, a
means is available for predicting the limits to which the
various gas forming elements must be controlled to avoid
porosity in steel ingots. ‘Application of the results to
tonnage steels, and balanced»steeliin particular, is also
considered.

2, LITERATURE SURVEY

2«1 General
Detalled work on the formation of blowholes in steel
ingots has, not surprisingly, been carried out in most ceases

on steels in which blowholes are present by desipgn i.e., rimming



or balanced (semi-killed steels)s  Though the present work
is concerned primarily with sub-surface blowholes which occur
nore by accident than design, many of the prinbiples applying
to rimming and balanced steels also apply to the general
problen of blowhole formation in steelse

lost of the early available literature on gas reactions
in steels dealt with rimming steels, and much of this work
was comprechensively reviewed by Hultgren and Phragmen in 1939(2),
Betvween the latter part of the 19th cenbtury and the middle
1930's there had been much controversy regarding the composition
of the gases in the blowholes produced in rimming steels.
Results of MNuller in 1879(3), indicating that hydrogen was
the major constituent in blovholes, were widely aécepted for
half a century in spite of later work which showed that his
deductions were incorrect. Huller immersed ingots in water
and oil, drilled into the holes and collected the gas cvolved
- vhen the érill penetrated into the hole. He found that the
gas contained 65=-90% hydrogen, 10=30% nitrogen and iess than
2%% carbon monoxides After Muller, a number of workers (4=7)
carried out similar Investigations on blowholes in rimming
steel ingots and concluded that carbon monoxide was thé '
major constituent gas, with’hydrogen end nitrogen comprising
lecs than 10% of the total amount. There were suggestions
thet carbon monoxide and hydrogen evolved seperately during
blovwhole formation in rimming‘steels, but calculations of
Chipman &snd Samarin(a) showed that this was not possible.
Thus even &t this early stage it became evident that a mixture

of gases must be considered during gas evelution in rimming

ingots.



By the time that the two classic works of Hayes and:
'Chiphan(g) end Hultgren anvahragmen(g) verce published in

1939, it had been firmly cotablished that gas evolution in
rimming'éteels was due maiﬁly to carbon monoxide; It had

also been generally agreced that gas evolution occurred at

the interface between the solid and liguid steel as a result

of solute cbncentration_causing supersaturation of carbon

and oxygen in this region. Hayes and Chipman described the
mnechanism of:segrcgation in rimming stcels, They‘considered
that the basic cause of segregation lay in the fact that
impurities were less soluble in solid than in liguid iroh énd
that the solld that formed from the impurekliquid was purer

then the liguid itself, Solidification was assumed to ocecur
slovly so ﬁhat an equilibrium was sct ﬁp between the solid

and liguid phases which.could be represented by a phase

diagram. In this way it was possible to define segregating
tendencies of various elements by the concept of a‘"distribﬂtion
ratio", k, which was the ratio of the concentrations of an
element in solid 'and liquid phases in equilibriume  The
‘smaller the value of k, the greater the tenaency to segregate.
Hence the quantity (1 - k) was used to measure the tendency to
segregate, and so the term "segregation coefficient" originated.
The eguations used by Hayes and Chipman, though perhaps
considered eclementary by present day standards made it possible
to describe satisfactorily secgregation phenomena in rimming
steecls., An enriched film ahead of the solid intcrface was
considered and in calculating the carbon and oxygen distribution

it was assumed that these elements were lost due to CO

evolution.



It was found that the concentration of solute in the
so0lid, first-decreased from the surface, along with the>
freezing rate for approximately 3 in. of solid. Subsequently
the solute concentration increased rapidly to a thicknese of
about L% in., at about the point where deep~seated secondary
blowholes appear,

Hultgren and Phragmen confirmed that CO (and to a lcsser
extent 002) were given off during solidification and explained
the evolution of these gases and blowhole formation qualitatively
by reference to the Fe~C=0 ?hase diagram,. They superimposed
the Vacher Hamilton C-O equilibrium curve on the liquidus and
solidus surfaces and introduced the concept of a “balanced
alloy composition" which would solidify without change in
composition. In an alloy with e higher carbon content than
the belanced composition the carbon content of the steel would
increase during solidification while the oxygen content would
decrease, In an alloy with a lower carbon content than thé
balanced composition the converse would apply. The balanced
composition was first considered to lic at 0.05% carbon but
later shown(1o) to occur nearer 0.,10f5 carbon. It was also
deduced by Hultgren and Phragmen that the amount of gas
evolved by various alloys was proportional to the size of the
solidus-liquidus gaPe This meant that only small quantities
of gas should be cvolved at either low carbon or oxygen contents
with respect to the balanced composition and that most gas
would be evolved at the balanced composition. It was also
predicted that the rimming action would be subduecd by an
increased manganese level, in particular when'the carbon

content was below the balanced composition.



These two papers(z’g) took the theory of rimming steels
as far as it was possible to go at the time bearing in mind
the évailable‘thérmodynamic data on gas reactions and the
early stage of development of segregation theory. The works
are still regarded as standard references for studies on
‘rimming steels, and until recent quantitative accounts of
gas reactions (see later) formed the basis of the understanding
of rimming steel.

Amidst all the work on rimming steels in the 1930's Swinden
end Stevenson(11) investigated the effects of various gases on
the soundness of small experimental ingots. It was found
that bubbling hydrogen into the steel caused unsoundness in
steels ﬁhich would otherwisc have been killed due to aluminium
additions. However nitrogen appeared to have no effect on
soundness, excepting where it was bubbled in after hydrogen,
in vhich caﬁe it had a scavenging effect and reduced the
effectiveness of hydrogen in pronoting unsoundness, It was
concluded at the time that whilc the sblubility of hydrogen was
less in solid iron than in licuid iron, explaining the
unsoundness effects, the solubilities of nitrogen in solid and
liquid iron were praétically the sane, Since then, this
conclusion has been showvn to be incorrect and there have been
numerous(12'25) publications on deoxidised carbon steecls and
both low and high}alloy steels, 1n wvhich the contribution of
CO to thec total gas pressﬁre must be vary low, showing how
both hydrogen and nitrogen can promotc unsoundness.
Bérraclough(12) listed appfoximate hydreogen contents in licuid
steel to produce wildness in fully killed basic electric arc
stecl as chown in Table I  Turton{!72'9) founa that the



amount of hydrogen rcquired to promote porosity in steel
castings was governcd by the extent to which the steel had been
decoxidised, Turton also found that in fully killed steels,
containing 3=4 ml. H2/100g, nitrogen contenls above 0. 013=00014%
would cause porosiﬁy(19). Similar results to these were
reported by Horgan(zu) in his paper on rail steels produced in
the acid bessémer converter. However, Saito et al(zo) showed
that aluminium-silicon carbon steel containing 0.045 aluninium
could absorb 0.017% nitrogen and remain free from porosity

on solidification. In the more highly alloyed steels it was
found that the amounts of hydrogen and nitrogen required to
pronote porosity depended not so.much on the degree of deoxidation
as on the steel composition especially with regard to chromium,
nickel and manganese contents(15’16’23’25). Thesc elemenis
influence the solubility of nitrogen in liquid iron. Such
effects are very relevant when considering blowhole formation
and will be mentioned at a later stage of this discertation.

The hydrogen and nitrogen contents of steel vary according
to éteelmaking practice and typical levels in low carbon steels
are shown in Tables I and IIX. lfuch of the information was
gathered by Gi11(26) who also summarised possible sources of

“tne two gaées during steclmakinge The major source of nitrogen
is the atmosphere with some pick-up from Lferroalloys, scrap,
special high nitrogen additions and some slag making additions.
Since the major source of nitrogen is the atmosphere, its
control depends to a large extent on the contact between the
liquid metal and air. This fact is illustrated in Tablc II.
Hydrogen pick-up in liquid steel arises meainly from sources of

water, either from the atmosPhere or combined with charge



materials, particularly‘thoSe empioyed for slag makinge
Hydrogen picke-up may alsoc occur in the ladle when anthracite
‘additions aorc made(za) and during uphill tecming from damp
ruﬁnerware,

In recent work on rimming sﬁeels( 9) the large contribution
made by CO to the gas volume given off during golidification
has been confirmed. | llost publications dealing with ges
reactions in rimming steels tend, therefore, to be wfitten ih
térm# only 6f the CO reaction, though'JohnStonket al(Bo) point
out that hydrogen dissolved iﬁ the steel may exert an influence
on the rimming intensity. It is‘considered by the present
guthor that unless the gases.hydrogen and nitrogéh are present
in large quantities their effeCts on biowhole formation in
rimmihg steels arc likely to be swamped by a vigorous CO
- reaction. On the othcr hand, hydrogen and nitrogen could
stimulate a sluggish rimming reaction.

Focus on the CO reaction also seems to apply in the case
of balanced (or semi-killed) steels in which gas eveolution is
generally far less than in a rimming stecl, Over the past
20 years papers dealing with this type of steel, of ﬁhich those
by Tenenbaum(3 ) s Yogin and Gooda11(32) and more recentlv, Nilles
and ¢ czmﬂr(33) are notable, have restricted consideration of
blowhole structures to the formation of CO gas bubbles. However
Bauver ct al(BM) found that incrcasing the nitrogen content of
balanced steel made in the Bessemer Converter increased the
incidence of gassy ingots and sub-standard products. They
found a similar effect when the hydrogen content of the steel
was increased. According to King(13) the manufacture of

rimming steel precludes large hydrogen contents because of the

high state of oxidation within the bath. Balanced steels of



nigher carbon content would be expected to evolve gas conltalning
nore hydrogeii.

The information summarised in the preceding paragraphs
indicates that it is probably not unrcasonable to neglect the
effects of hydfogen_and nitrogen on blovhole formation in
rinming stecls. Howvever, when dealing with more hcavily
dcoxidised steels, the cffects of thesec gases in promoting
and affecting the extent of sub-surface porosity nust be
regarded as a real threat to product surface quality.,

Hlence it‘is desirable to know the limits within which the
respective gases CO, H2 and N2 must be controlled to avoid
trouble duc to sub=surface porosity. Advances in the thermno=-
dynanmics of dcoxidation and gas recactions and in the theorics
of scgregatlon over the last 10~20 years have nade it possible
to deal with the problem more quantitatively than in the period
in which Hultgren and Phragmen and Hayes and Chipman published
their works. A number of relcvant recent papers have been
published dealing quantitatively with gas reactions at a"
solid/liquid interface. However before these arc considcered
in detail it is pertinent to consider briefly the present
position regarding the theories of solute segregation during
solidification.

2.2 CSegregation Theory

In describing the redistribution of colute clcments
during colidification it is convenient to define the distribution
coefficient, ke 4s pointed out by Chalmers(1) two éistinct
meanings heve arisen recgarding this term. The EQUILIBRIUIL
is defined as the ratio of

distribution coefficient, ko,

concentrations of the solid, Cgs and of the liguid in



equilibrium with it, C;. Or, referring to fig. 1:-

.".l'l0’0‘0.0"'.‘.3.0.-.005..0 (1)

Mg, 1 shows an idealised binary cquilibrium diagram
for diluté alloys in which the liquidus and solidus lines are
bpﬁh assumed to be straight.
- The BRFRCTIVE distribution coefficient is given by

:E':E-S- S )

o

vhere Cy is the concentration of the solld fopmgd at some
instant during solidification of a liguid of inidrale concentration

C kE depends on the conditions under which solidification

o*
tekes plsce but ko is a characteristic of a particular systecm.
For the purpose of the following discussions 1t will be assuned
that k_ is constant, although in prectice this might not
necessarily be the cases It will also be assumed that the
solid/liquid interface is planarvand‘that the system undergoing
solidification 1s such that the transport of solute is parallel
to the direction of motion of the interface, see fig. 2.

. The first case to be considered is one in which complete
mixing occurs in both the so0lid and liquid phasés, and that
equilibrium conditions described in fige 1 apply at all times
i.é., Guring solidification the entire liquid composition
follows the liquidus line and the solid conposition the solidus
line. Under such conditions, the equilibrium distribution
coefficient, ko applies, and the reclative amounts of colid and
liguid are given at any particular stage of solidification,
CL-C

temperature T, by the ratio CF/BE or Q/CO-CS. Furthermore,

if g represcenis the fraction of the original volume of liguid



golidificd,

CL.—CO = & P (3)
Cy = Cg 1 =g

. , C Ny

nence CL—‘-'-' (6] Crescsceecooseo00sacetPeCcC O (L{»)

T =(1-= ko)g

Hence, knowing CO, ko, CL can be calculated at each
stage of the solidification process, The assumption that the
whole of the solid is at all times in equilibriuﬁ with the
liquid implies no concentration gradient in the solid and
requires that the difftsion rates of solute elements are fast
compared with the solidification rate. It is unlikely that
thesc conditions are fully satisfied in practice, but the
elements most 1likely to come nearest to fulfilling the conditions
in stcel are carbon, hydrogen and nitrogen which are interstitial
solutes and diffuse much faster than substitutional solutes.

Lt the opposite extreme to the above is the condition
in vhich no nixing of solute atoms occurs in the solid and
nixing occurs in the liguid only by diffusion away from the
interface. The situation which arises was first described by
. Tiller etval(35) and is shown schematically in fig. 2. The
s0lid/1licuid interface is assumed to move from left to right
at a finite rate, say R cm/secec.

YThen solidification begins, solute builds up ehead
of the interface and a diffusion profile is set up as shown
in Dipg. 2. Under conditiongs where D, the diffusion coefficient
of a solute clement in the liguid metal, is slow compared with
R, solute concentration at the interface increaseé to the stage
where it equnls CQ/kO, fig. 2(c), G, again being the initial

uniform solute concentration in the liquid. Thus solid



concentration ot the interface, CS = C, and the amount of
solute teking part in the diffusion process remains coastant
as the interface moves further to the right. This is termed

_ : ‘ - (38)
the 'steady-state condition® and it has be shown That the
liguid concentration at any distence, x, ahead of the interface

is given by

CL:'-CO ,1 + 1 -ko CXDa ("_:D:X)f 0-0000000000(5)
R

The ratio ?/R is termed the 'characteristic distance' and is
the distance over which Gy falls to /e of its initial value.
Assuming a value of D = 5 x 1072 en?, sec™ or 5 on®, day-1,
Tiller et a1(35) have expressed ?/R in terms of R, the
golidification rate, see fig. 3. It is evident that for fast
solidification rates, as would be obtained at the surface of a
- chill cast ingot, p/RiZ 0. 05 mm,

In the stage preceding the 'steady-state condition' solid
of composition koCO is formed first and then increases in
concentration to Cb see Fig. 2(b}w4).This stage is termed the
tinitial transicnt' and according to Tiller et'al(35> the

concentration of solute in the sclid is given by

CS = CO 2(1 - ko) i 1 = exp. ("ROE X)J + ko}o-couoo (6)
- D

The distance over which the 'initial transient' exists
is given by x = D/de.

The stecady state condition can cxist so long &s there is
sufficient licuid shead of the interface for the diffusion
of the solute to proceed without interference. This is no
longer the cace when the limit of the liguid space is approached

and a 'terainal transient condition' exists. At this stage



the concentration of the solid begins to cexceed CO in order
to0 accomodate the excess solutec, fige 2(d) and large
concentrations of solutc nay build-up within the last liguid
to solidify,

It is unlikely that lig :d nixing by diffusion only Would

be Tully realised in practice and it is pertinent {0 consider
cases vhere mixing by other means e.g., convection, occurs in
the liguid shead of the interfacec.

Tor a situation Ihorc there is no mixing in the solid but
nixing in the liquid, Schci1(36) and Pfann(BT) derived the
following expression for the concentration in the solid.

-1

CQ '—11{.700 (1 - g)ko Gecescbvevcecscevesoco (7)
I b
vaere g is the fraction of liguid system solidified sce Tig. 26
When the solidification rate is slow and complete mixing in
‘the liguid can occuw, kE = ko and the following expression
may be uscdi-
k

CS = koco (1 g)o

In this case the composition of the gOlld at any nmonecnt is

-1

L o8 Ce tsds0rONOCPOCORBMBOOR®D (8)

given by kOCI

at that particular time. With a fast solidification rate,

vhere CI is the composition at the intcrface

s

kE approaches unity, and a situation exists similar to that

of steady state growth during "diffusion controlled" solidification

described earlicre. The above conditions arc représented
schematically in £ige L.

3qua£ionv (7) does not include a ternm rcprcsonting the
gcolidification rate, sincc this is expressed indircctly by
a fluctuating value of kEn However, Burton ct al(38) have
trcoted the problem in more general terms. They define 4,
in fige U, as the thickness of the boundary layer through which
solute must diffuse. The value of d is limited by the



velocity of the liquid parallel to the intcrface and depends

on the vigcosity of the liguid. It is reported zs varying

Lrom 1C cn. for very vigourouc stirring (cege, rimming
steels) to about 10’1 cn. for natural convection (cege killed
steels). The expression derived was as followve:
k, = 0 oeesstocovno0o0 (9)
fin -
-~k + (1 =k ) expe (- Rd)
o ° D
tthere all the terms have been defined previously. Alternatively

this nay be expressed as follows:

OI= "S:" CL | savscsereopno (10)
B B v (- K e CE)

vhere CI has been defined earlier, The condifion described by
equation (8) of complete mixing in the liquid,vfhen ky = ks
is obtaincd when the term (Rd/b) is small i.e., when R and d
are low and D is high. Conversely, a Giffusion conirolled
condition exists vhen (Rd/b) is high.

The expressions in equations (9) and (10) are probably
the most versatile of the ones considcred, vhen applying
segregation theory to conditions encountered during ingot
gsolidification in practice. However all the cases considered
have referred to undirectional, plane front solidification,
though it is well knovn that the solid/liguid interfaces in
alloys such as steel have a morc complex morphology, being
cellular or dendritice The conditlons of solube enrichment
under vhese conditions are morc complex than in the case of
planc-front solidification. = However, Brody and Flemings(Bg)
have claimed that equation (8) can epply to colute
redistribution beltvecn dendrite arms provided diffusion in

the so0lid is negligible. To account for the effect of



diffusion in the solid an analytical expression sinllar to

o

cuation (8) appliese.

Recent Quantitative studiec of gas reactions occurring
at the solid/liguid interface have made use of equations (1)
to (10) ac will be déscribcd in the following section.

2.5 Reecent Quantitative vork on Gas Reactions

Probably the first significant step taken since the

vorkk of Hayes end Chipman(9) and Hultgren and\Phragmen(z) to
explain the gas reactions at & solid/licuid interface in
rinming steels was fhaﬁ ocutlined by Nilles(ao) in 196k, ‘The
relationship developed by Burton et al (eovations 9 and 10)
vas used and Nillcs-was ablc to predict segregation patterns
in the rin zone and the rimming intensity. The term, d, the
dictance through vhich solute must diffuse from the inberface
to rcach the concentration of the bulk liguid, was determined
in two ways. The first was a direct method, simﬁly involving
equation (10)s  Of the terms in cquetion (10) D, R, and kg
vere obtained from other literaturc and CL and CS from
neasurenente of the concentration of an element, assumed not
to undergo reaction at the interface (sulphﬁr in this case),
both in the bulk 1licquid end solid phases at various stages of
the rimming period in 500 Kg experimental ingots. The values
of d obtained varied from aboutl 0;008 t0 0.040 cme . The
sccond necthod wag more indirect, and involved the celements
undergoing reaction at the solid/liquid interface, vhich were
assuned to be carbon mangenese and OXygen. (It was acsuned
that silicon took no part in the reaction). d was obtained

by means of a mass balance cquation for oxygen:



C’ .{' OC+On=OL GBG'G‘OCl"fl'ﬁ'ﬁt.eﬂc'..ﬂloefﬂ (11)

L S
iece, for one mass unit of liquid stcel which solidifies, the

sun of the oxygen reacting with manganese, O with carbon,

¥n?

0 and of the oxygen incorporated into the solidified steel,

C’

6] is cqual to the oxygen present in the liquid steecl, OL‘

S ?
This means that all the oxygen rejected al the interface
cither reacts to form a new phasé or is dissolved in the
solid iron, so that no dissolved oxygen diffuses back into the
- nelt. It was also asssumed thal enrichment without chemical
reaction was the same as with reaction.

%n |
enrichment of manganese and oxygen ab the interface (equation 10)

was obtained from a set of equations describing the

and the equilibrium relationships between manganese, iron and
oxygen and the appropriate oxides at 1530°G.' Oy 18 given
by (0' - Oo) where 0' is the interface concentration from
equation (10) and 0, the oxygen concentration in equilibriunm
with iron ahd mangénese at 155050.

The quantity of~oxygen reacting with carbon, OC, vas

assumed, consistent with other literature, to be proportional

P
| ea
the oxygen in equilibrium with carbon GO, for the pressurec,

to the divergence_from equilibriun (06 -~ Oga), 0 being

P, under which the steel solidifies. Oo was determined as
mentioned in the previous paragraph. (It will be noted that

reaction of oxygen with manganese to give oxides governs the

equilibrium oxygen concentration at the interface). qu was

obtained from appropriate carbon~oxygen relationships at the

interface. With a solidification speed, R, Oc is given by:

_x (0 = 0f)
c o
— X

eq 9000800 QCEBLETOOICOEDTOLEONOSIOOENOIONEOEIES (12)

0]




for which X was found to be 3 x 10~ cm. sec™'s  This
expreésioh no longer holds when carbon levels are low, since
diffusion of carbon and not oxygen thén governs decarburisation
speed.
0

S
by 0.18u00; 0o 18l was the assumed equilibrium distribution

s the oxygen incorporated in the solid steel was given

coefficient of oxygen.
Hence, équation (11) beconmes

P .
(O' - Oo) + 3 X 10-3 . OO - Oeg + 001811-00 = OL XX EEX) (13)
. ' “R

o', 0, and qu all depend only on d, therefore the value of
d for which equation (13) is satisfied is the actual thickness
of the impure layer at the solid/liquid interface. It was
assumed that d was the same for all the solutes. |

The values of d obtailned by this second method agreed
cloSely with those employlng sulphur alone, It was then '
possible to predict‘the concentration of the various elements
ih fhe solidified steel and this was reasonably successful for
carbon, sulphur and phosphorus distribution in the 500 Kg
exﬁerimental.ingots, see fig.‘S. - However, the results did‘
not explain the steep rise in concentration near the secondary
blowholes found by Hayes and Chipman(g). Johnston et al(Bo)
suggest that this'may 58 because equation (10) does not apply
to a non-planar interface,‘which is likely to be present in
bommereial steel ingots. In the case of manganese and
oxygen the situation was complicated by the occlusion of
oxides in the solid. The results indicated that at the
start of solidification most of the oxides were trapped in
the solid. As the solidification rate decreased more oxides

escaped.



The results were used further by Nilles tq predict the
rate of gas evolution during rimming, termed the 'rimming
intensity' and given by OcaR.

By calculating OC.R for‘various concentrations of‘péﬁbon
manganese and oxygen, Nilles predicted that the oxygen ;
concentration of the steel had-a small influence on rimming
intensity compared with carbon and manganese, see fig. Ge
This vas later confirmed by work carried out on 5% and 8% ton
ingots(u1). However it was found that the oxygen concentration
of the air could greatly influence the final composition of the
rimmed ingotse = The type of ingot top varied with calculated
rimming intensity: |

(i) OgeR less than 10 x 10'5, rising ingots

(ii) between 10 and 11 x 10"5, level rimmers
(iii) above 11 x 10"5, falling rimmers

Nilles also finds that the rimming intensity decreases .
as the external pressure increases and the solidification rate
decreases. ‘

The method employed by Nilles was repeated by Masui et
al(u2) and in 1968vthey reported work carried out on 14 ton
ingots. Phosphorus and sulphur concentrations were measured
during rimming in order to calculate d, and, though in sone
cases, slightly different data from those of lilles were used,
values of d were similar to those obtained by Nilles and fell
in the range 0,002 to 0.05 cm. It was further found that d

depended, for the most part, solely on the solidification rate

and not on the extent agitation during rimminge. The precdicted



sulphur and phosphorus concentrations in the rim zone agreed
closely with thosec analysed.

Masui et al also used a similar method to Nilles to
calculate the extent of CO evolution andvfeaction between
manganese and oxygen at the interface; and investigated the
effect of steel ¢omposition on rimming intensity. The results
vere for the most part similar to Nillesis but contrary to Nilles
they found that while oxygen had little influence on rinming
intensity at low carbon levels, there was é stronger influence
as the carbon content increased, see fig. 6(b).

Nilles'and Scimar(js) extended the principles applied to
rimning steel to balanced (or semi-killed) steels, Ffor which
they assumed that mixing ahead of the solid/liquid interface
was negligible comparéd with rimming éteels, and'theréfore fhgt
the concentrations of solute elements.at the intérface prior to
reacting ﬁé longer dependedvon d, the impure layer thickness.
In other words they effectivély'assumed the 'steady‘state
condition! shown in fig. 2(c) where CI = C0/ko.  In this case,
due to the presence of silicon, deoxidation products Were,silicates
of the type (M.nO.FeO)SiO2 and the oxygen balance of ﬁilles in
equation (11) now becanme

OLmSi+OC+OS=OL ....'0..'.l................‘.. 11(&)

where the symbols are as outlined after equation (11).



It was assumed that 0C was identical in all parts of a balanced
ingot and a representaﬁive point was chosen 1 cme away from
the ingot skin at the top of the ingot. The requisite carbon,
manganese and silicon analyses were carried out on a 6 ton ingot
which had a convex ingot top, typical of a steel correctly
balanced by silicon and manganese additions in the ladle. A
value of Oy = 0.0008 was obtained, which was about 10 times
- lower than a valué calculated for a rinmming ingot. Various |
combinations of carbon, manganese and silicon to give 0c =.0.0008
were then calculated and these are'shown in fige 7y lecey &
balanced steel is characterised by the carbon, manganese and
silicon contents rather than by carbon and oxygen. In accepting
these compositions it must be borne in mind that the silicon
content quoted is "dissolved". If silicon combined as silicates
are included in the analysis, then the silicon levels shown in
fige 7 must be incréased. | Calculated curves were compared with
compositions of balanced steels guoted in other literature and
fairly good agrecment obtained.

The effect of silicon on OC was demonstratéd by Nilles
and Scimar, see fig., 8, for a steel containing 0.08% cérbon
and O.30% manganese. The detrimental effect‘of small silicon

additions on the gas evolution in rimming steels is obvious.



Deoxidation control in balanced steels using aluminiun
was not considered‘feasible by Nilles and Scimar, since very
small amountsvof aluminium would be required to produce the
correct dDxygen levels Sméll errors in additions could lead
either to badly worked or piped ingots. |

The above work af CNRH(BB’QO) has been developed further
by Oeters et al who have published work(MB’uu) within the last
yeaf. The segregation equation of Burton et al(je) first used
by Nilles(uo), was eméloyed in the theory and an attempt was
made to involve kinetic factors in the calculations. In
considering reactions occurring at the solid/liéuid interface,
allovance was made for a certain amount of reacting solute,
€ofie y Oxide, remaining in the colid, Under these'circﬁmstances
at the interface it holds that

R (CS + CPh) = RCI -'jO' tcesecensssscsesscee (‘”44)

where R = rate of advance of interface

CS = composition of solid at interface
CI = composition of - liquid atv interface
Jo =R (c:I - Cs)
CPh = concecntration of a solute precipitated as

a new phase
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In order to determine the amount of new phace, the rate of
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This ecguntion wae applied to the case of & balanced stool.

Cpp =

First of 211 only rcaction between éarbon and ozygen woo
conoidored and i% was shovn that for o givon carbon content
the suount of oxygén roauired Yo produce suffiaicnﬁ CO fov
blovhole fofmation should decrease with decreasing solidification
rate, (Farlicr work by Knuppel ond Eberhn?&(hSD wee used Lo
obtrin the criterie for the omount of G0 for blovhole Lormaticn)s
On the prenmise that large ingots solldify slover then
smaller ones, the oxygen content reguired for balanced otecls
should dcercope with ingot weisht, fAternatively the cilicen

content chould increcage, oo ic showm in Ligs Ge



The more complicated cases of reactions involving carbon,
‘nanganese and silicon were subsequently cdnsidercd. - By
substitution of suitable thermodynamic data into equation (17)
'and using additiondequations to déscribe equilibrium relationships
betweeﬁ carbon,mghgaheée,silicon and oxygen, boundary conpositions
wefe established which gave steel compositions in which the
various oxides (i{e., CO, 1nC.Si0,, Sioé, 1n0) were capable of
formétion dﬁring the:solidificétion Process. Fige 10 shows
the situation in a cafbon—okygen diagram with a silicon content
of 0o 10 With the inclusioﬁ of manganese fhe calculation
becomes more complicated and a three-dimensional space diagram
is required to describe»the formation of the various phases, sce
fig. 11« A constant oxygen content of 0.010% was assumed in
this case, but it is dlaimed that the calculated curves change
only slightly with vgrying oxygen provided‘the silicon content
exceeds 0. 03% TheAver‘ticall planes in the diagram are drawm
so that their upper edges indicate the compositions abbve vhich
no carbon monoxide bubbles form snd below Whicﬁ carbon nonoxide
~evolution occurs, For exanple, the linec E%HL gives the linit
for CO formation at 0.17% carbon, depending on the manganese
' énd‘silicon contentse The plane DEFOND indicates the limit

of CO formation in the case of 8102 precipitation, and plane



GHIOKG the limit of CO formation when 1n0O precipitatcse.

The predicted compositions for CObubble formation in fig. 11
vere applied to the results from a large nurmber of production
casts of balanced steels (11=-22 ton ingots)e. The compositions
of ingots with convex tops were computed and compared with the
compositions predicted from fig. 11  Therc was shown.to be -
good agrecement between theory and practice, see fig. 12.
Apparently there was little difference between the predicied
composition obtained from the more complex treatment of Ceters
et al and thoée obtained from the earlier work of Scimar and
Nilles.

In the first instance little congideration had been.given
in the work carried out in Euroée to the effects of hydrogen
and nitrogen on blowhole formation.  These elements‘however
were considered briefly in the more‘recent paper of‘Oeters et
al(hu), and the levels of hydrogen and nitpogen necessary to
produce blowholes in fully killed ingots were outlined, sce |
fige 13, These results assume a negligible‘oxygen concentration
in the stecel. If a residual oxygen content was assumed the
anounts of hydrogen ana nitrogen individually required to produce
porosity were reduced, o details were given as to how fige 13
was derived. While the foregoing theories were being developed,

mainly in Europe, Turkdogan(u6) in the USA in 1965 outlined a



meﬁhod of assessing the contribﬁtion of CO, hydrogen end nitrogen

to blovhole formation by calculating their actual partial

pressufes during thé solidification Process, Turkdogan's

prime éongern was with castings and he assumed that a dendritic

structure had developéd at the time blowholes form. The main

dgndrite stens grow in the dircction of heat flow and side

earms then grcwlaterally such fhat impure}liquid,becomeé_ﬁrapped

between them. : According to Flemings(u7) both main dendrite

arms and their side branches can be considered as platelets;

Reactions involving the various elcméhtsvleading to blowhole

formation were considered to occur in a discrete volume of

licuid trapped’between the dendrite platelets. | All the solute

elenents were assumed to be cgmpletely mixed in the interdendritic

"liguid and to build up progressively during s0lidification.

The oxygen availéble for reactioh with carbon to produce CO

was assumed to be controlled by the amount of deoxidants (silicon

and manganesc in this case).in the liguid steel. The amount

of 002 produced was aésumed_to be>negligibleyabove Q.OZ% carbone.
Since the diffuslivities of carbon, oxygen, hydrogen and

nitrogen are high in s=iron and liguld steel at high tcmperatures

it was assumed that these elements were completely mixed in

| both the solid and licuid phases during solidification. This

means that at any stage of solidification, the equilibriunm



distribution coefficient, k., see equation (1), applies, and
assuming linearity of liguidus and solidus lines, the
conccntfations of the above elements can be calculated from
‘,cquatibn (). | The ' .-diffusivities of manganese and silicon
in liquid iron at‘1500 to 1600°C are in the range'10—51t0_10'h
en? seec”l.  In solid iron, near the melting point, these
diffusivities aré lowver by about two orders of nmagnitudc.
Thus it was assumed, by.Tﬁrkdogan, that there would be complete
nixing of mangancse and silicon in the licuid phasc but negligible
mixing in the solid.  For this situation, equation (8) was
choscils This means that the effect of solidification rate was
‘neglecﬁed by Turkdogan and the eaquilibrium distribution coefficient
applied at all times.

Dedxidation by ménganese and silicon‘in conbination vas
cqnsidered to produce pure manganeée sllicates, and by employing
suitable‘therhodynamic déta,the.dissolved oxygen content, and hence

P the partial pressure of carbon monoxide, were determined.

Co
These latter quantities changed progresSively'during solidification
of the small interdendritic cell as the various solute elcements
becane concentrated, and couilibrium relationships bccane

displaced. At each stage of solidification allowance was made

for the mangancse, silicon and oxygen combining as silicates



and suitable adjustments made to the concentrations before
procgcding to the next stage. In doing this it was assuned
" that nucleation of both inclusions and CO gas bubbles was
overcone easily with little supersaturation and that equilibriun
conditions prevailed, i.é., no kinetic factors were invdlved.
No allowance was made for the loss of carbon and oxygen,-as -
carbon monoxide, to the systcn. The condition for blowvhole
formation to occur wae that Py, + PHQ + QNZ, the sum of the
partial pressures of the gases, exceecded one atmosphere.
Consistent with the earlier work of Willes and Scimar(33) and
Octers et al(uB’&u), Turkdogan predicted that blowhole fornmation
could be discouraged by

(i) inéreasing gilicon and menganese contents

(ii) decreasing carbon and oxygen contents

(iii) decreasing hydrogen and nitrogen contents

It was also found that inecreasing the.pressure and decreasing
the temperature of the system discouraged blowhole formation.

Fige 14 shows the predicted effect of mangsnese on the
critical initial silicon and carbon contents for blowhole
formation at 0.010% oxygen, one atmosphere CO pressure, and

4

freezing temperature 1525°C (with no hydrogen or nitrogen).

Turkdogan later(us) carried out experimental work to show that



these predictions were reasonable. Included in fig. 1L are
the silicon compositions predicted by Nilles and Scimar (see
fig. 7) to give balanced ingots at 0.5% and 1.0% nangancse
and C.06 énd 0. 08% cafbon. There ié-extremely good agreement
between the two sets of predictions over the range ofvcompositions
considered by Turkdogan in spite of the differences in aprroach
to the problem. However vhen the effects of adding hydrogen
and nitrogen, in amounts common to many steelmeking practices,
see Tables II and III, are considered; there is marked disagrec-
ment betveen the two sets of results, see fig. 15. This
demonstrates the important effect that hydrogen‘and nitrogen
may have on blowhole fbrmation in deoxidised'steels.

" The theoretical treatment of Turkdogan became available
at the time the preéent viork was instigated and 1t was decided
to adopt the model to try and predict steel compositions to avoid
sub=~surface porosity. A more detailed description of the
model, together with modifications made to enable the model to
be applied to a wider range of composltions than was originally
treated by Turkdogan, is given in Section 3 and the Apvendix
of this dissertation.

2.4 Other Tactors influencing Blowhole formation in steel

So far it has been assumed that blowholes are produced

Guring solidification solely by the solute elements, dissolved



in the steel as it enters the mould cavity, beling fejected into
the liguid shead of the solidifying»interface. However other
factors which result in localised high concentrations of gases
in the 1iquié steel can contfibute to‘blowhole Tormation in
steels. Hydrogen pick-up from mould moisture has been;reportéd
by Tqrton(19) who observed increases of up to 7 nl/100p after
running steel over green sand. = Porosity, resulting from
locaiised carbon-o#&gen reacfibns due to éxygen‘pick;up at -
the nould wall,has‘also been feported by a number of authors(18’
19’50’5”. Damp green sand moulds are thought to be one

source of ozygen(19’u9), but.Seastone(5o) in considering

balanced and killed Lihgots found that iron oxide and lime present
on mould walls could give rise to porosity. The oxide tended

to build up progfessively and stick to the mould wall;

Seastone found thé problem could be élleviated by cleaning'the
moulds or by coating with either aluminium paint'or a gilsonite
base méterial. Cléaning noulds will obviously hélp remové
exisiing dirt, and a mould coating helps repel spiash,caused
during tceceming which would otherwise stick to the mould Wail

and oxidise: rapldly, providing an ideal site fcr a carbén-‘
oxygen reaction. A volatile nould dressing could, on the .

other hand, cause sub-surface porosity, if the rate of metal



rise in the mould is sufficicntly raepid to cover the coating
befofc all the volatiles have been driven off.

Volkcr(51) suggeéted that 1ocalised sub=surface porosity
occurred as a result of bubblé nucleation on foreign nuclei on
the mould wall and that there must be a slag skin, preferably
a reactlve silicate,to prevent the porosity.v He postulatéed
that sub-surface blowholes occur tb a severe degree in plain
~carbon stcels sgince théy contain insufficient silicon 1o fornm
a suitable skin through its selective oxidations Hé consildercd
that a rusty mould wall did not cause porqsity by local oxidaﬁion,
but that the.roughness of the mould wall in the vicinity of
the rust rips off the ingot skin, leaving it bare and accessible
to the foreign nuclei. Cn this issue,‘Volkcr's thcory‘seems
a little incredible,

Bergh and Josefsson(18),together with Volker(51))found
slag droplets associated with blowholes in some casen. Though
it was by no means proved conclusively, Bergh and Josefsson
assumed that the blovwholes could have been causcd by reaction
between the carbon in the steel and iron oxide in the slag
- perticle, They also considered that the slag particles could
2id blowhole nucleation by lowering surface tension. |

The steels most likely to be susceptible ﬁo localised
carbon-oxygen reactions arce those with high carbon levelse
This is because,all other things being equal (€oge s degree of
deoxidation), the carbon-oxygen equilibrium relationship‘will
be more easily exceeded by a given increase in oxygen
concentration in high carbon steels than in low carbon sheelse
In fact Pribyl(u9) observes that in fhe case of carbon-oxygen

reaction resulting from oxygen pick up in the mould, the recaction



occurs nore easily with high carbon levels.

& fingl example of effects, over and above thosc produced
by solute rejection during solidificatioh,,which can affeét
the finel blowhoie structure, is the case of rimming steccls.
Nilles's(ho) initial treatment of}rimming steels did not take
vinto accbunt atmospheric oxidation while the steel is in the
mould, The leater study of Oeters et al(u3)_took this factor
into account and showed it could influence the lbss of carbon
from the ingot,‘i.eo, stimulate the rimming action. In fact
results of a study carried out at IRSID(52) éuggest that without
atmospheric oxidation, a satisfactory rimming action would nob
be obtaincd, tending to confirm earliewr work by Vard and
Widdowson(53)_’who showed that the rimming intensity could be
. reduced markedly by casting under an inert atmosphere.

In this section an attempt has been made to éhow thatJ
while a great deal of carc mey be taken to develop models which
can successfully acéoﬁnt for processes occurring during |
solidification, other effects obtained in practice, but difficult
to consider on a theoretical basis, must not be completely ignored.

2.5 Blowhole Nucleation and Growth

 The condition for;a stable gas bubble to exist in a
liguid melt is given by the well knowvn formulas=

PA+PF+2O ooooooo‘oooooooooooooooo (18)

r ' .
where PTotal = total pressure of gases supporting the.

\
PTotal‘ >

bubble (assumed = Pgo + PH2 + PNZ, the
sun of the separate gas partlal pressures)_
P, = Atmospheric pressure or pressure applied

above the surface of the liquid steel



P, = Ferrostatic pressure

i
r = gas bubble radius
5 = surface tension of the molten steel
in contact with the gas bubble
20 =  pressure required to maintain a bubble,
T

radius r, in molten steel of surface
tension oo

A1l pressures arec in atmospheres, except 2 g where a factor
of 106 is required in the denoninator to conve;; the tern to
atmospheres. |

Homogeneous nucleation of bubbles within a steel melt can
virtually be discountéd after the work of Kbrber'and Oelsen(5u),
who showed if was possible to build up a large supersaturation
of carbon and oxygen, in an iron nmelt ¢ontained in a glased
silica crucible, without CO cvoluticn taking place. Considered
qpantitativély, a bubble nucleus of moleccular dimensions
(r~68) would have an internal pressure of 5 x 10u atmospheres(55)o
This would 1nvolVe impossibly large supersaturation of gas
forming elements.

Heterogenéous nucleation must therefore be considered.
Blowholes are in fact observed to nuclecate at the solid/liquid
interface(1’56)¢ This is a logical location since (i) gas
concentrations will be highest in this reglion due to solute
rejection and (ii) the surface tension of iron should be lower
in this region due to build-up of various elements, and sulphur
in particular. From surface energy considerations, Chalmers(1)

shows that a cap type of nucleus should not be obtained.

While conditions are slightly more favourable for s near spherical



nucleus, a planar interface is not én ideal spot for nucleation
to occur, Small crevicés'or irregﬁiarities on fhe interface
increase the chances of nucleation, since, for given surface
energy conditions and contact ang1e1between the nucleus and

the solid, a smaller nucleus volume is required to become stable
in a crevice than at a planar interface(1). A typlcal example
of a crevice in the s0l1id/liquid interface Would'be a cell wall
or an interdendritic space. Such a region is considered by
Chalner's to become highly enriched in solute elements due to
lateral segregation which causes a situation similar to the
'terminal trensient! condition, see fige 2, to exist. Under
such circumstances conditions for blowhole nucleation could be
"satisfied but it isvunlikely that any of the models described
earlier(SB’uo’AB’uh), used to establish critical amounts of

gas forming elements in steels, would satisfactorily account for
such conditions. However by employing the model of Turkdogan(us)
it should be possible to substitute gas‘pressures, calculated
during solidification, directly into equation(18) in order to
assess the extent to which solute build up in a completely

nixed interdendritic volume of liQuid meets the gas pressure
requirements for nucleation. '

It is vossible that a situation postulated by Campbeil(57)
may apply to blowhole nucleation. Campbell calculated that
conditions for heterogeneous bubble nucleation would not be net
by solute concentration alone, but would heed an additional
~driving force. He suggested that minute air pockets trapped
in certain exogeneous inclusions appear to be capable of stable

existance for a period of time in a melt and able to provide



bubbles as nuclei for blowholes. This hypothesis does notl
seem unreasonable, especially in view of the observations of
Bergh and Josefsson(1§) and Volker(51) who on occasion found

slag inclusione associated with blowholes. The mechanisnm

would, hovever, be very difficult to verify in practice.

A vitsl stage in the appearence of blowholes is the initial
growth of bubbles from atomic proportlons to a stable size.
}A.bubble of radius 0.05 mm would reaulre a supporting gas
pressure of only 0.2 atmospheres if the surface tension, o,
can be reduced to gabout 500 dynes/cm by solute enrichment.

At o= 1000 dynes/cm, the supporting pressure needed would be

O.li atmospheres, These pressures are in more reasonable
proportions than those guoted carlier for atomic=sized bubbles,
and providing there is sufficlent flow of gas atoms to a bubble
nucleus, ecarly in its development, the pressure of gases reguired
to maintain the bubble drbps rapidly with incressing bubble
éize. The ability of a bubble to become stable end its
subsegquent growth into a blowhole depend on:

(1) aquantity of gas atoms being supplied per unit

time to the blowhole

(11) wrate of advance of the sﬁrrounding s0lid/liquid
interface

(iii) 2liquid flow ahead of the interface

(iv) external pressure being applied (i.e., atnospheric

and ferrostatic).

If there are insufficient gas atoms being transferred

to a bubble during its early stages of growth, then the bubble

may collapse. However, once a bubble begins growing into a



blovhole, it becomes a ‘'sink' for gas atoms from the surrounding
enriched liquid, thus discouraging further blovholes forning in
the immediate vieinitye. Nilles(uo) in setting up his oxygen
balance equation, sce eguation (11), assumed that the
concentration gradient between the enriched liguid and blovwhole
was greater than between the enriched liquid and the bulk
liquid. Hence for his particular case, oxygen diffused to
the blovhole to form CO rather than to the bulk liguid. TFor
carbon contents exceeding Oeoh%)diffusion of oxygen to the
blovhole was considered rate controlling. Below 0, 0L carbon,
the diffusion of carbon becéme the‘ratc controlling factore

" The diffusion rate of nitrogen in liguid steel is reputedly
1=2 ordcrs of magnitude slower than that of hydrogen(58'6o)¢
Thus it might be anticipated that blowhole growth would exhibit
'different features in high nitrogen stéels to those in high
hydrogen steels, Sulphur has been shown(61’62) to reduce the
flow of nitrogen atoms across gas/licuid interfaces. The

effecct reaches a maximum at 0. 35 sulphur(61)

s 8bove which

the rate of transfer remains steady. Sulphur concentrates

to approximately 20 times its original amount dufing solidification
(9). Assuming no reaction with other‘elements, it scens

unlikely that increasing the initial sulphur concentration

above about 0,015% will have much effect on the transfer of

gas atoms to blowholes during solidification, but that from nil

t0 0.015% sulphur an e¢ffect may be observed.

While a bubble grows, the solid/liquid interface continues
to advance and the relative growth rates of the solid and gas
phases ;together with flow ahead of the interface;determince the
final blowhole shape,as was lucldly outlined by Hultgren and
Phragmen(z). Théy considered first, the type of blowhole



obtaincd vwhen the gas cuantity is small and the bubble growvs

at the same rate as the Surrounding interface. In this case
no gas' is dislodged from the interface and the bubble grows
into an elongdted blowhole with a tapered shape, as showva in
£ig. 16 a-c, duc to the advance rate of the solid/liguid
interface lessening slightly. IT the gquantity of gas atons
being supplied to the bubble is such that it gfows nore

rapidly than the interface, part of the bubble begins to

- protrude into the liguid stecel. WVhen this protrusion rcaches
a oritical size, part of it may be aislodged, the amount
depending on the turbulence ahead of the interface, and form

a rising bubble which’in turn will increase the turbulences.

If the movement ahead of the interface iévslow, cnough gas will
be left to maintain a protruding bubble, scc Tig. 16&1. The

| next layer of steel which solidifies couses the bubble to
 contract slightly, fig. 1691, but further gas evolution causes
expansion, fig. 16g1. With more turbulence ahead of the
interface, more gas is flushed out from the bubble. This
situation applies in a rimming steel, where in the first place,
~bubbles grow so gquickly that they escape. completel& from the
solid/liguid interfacé to create turbulence which gathers in
nomentun towards the top of the ingote. If the moveﬁent ahecad
of the interface is slower, such as at the bottor of a rimming
ingot, where ferrostatic pressurc starts to retard gas evolution,
not all the gas escapes from the interface and liquid stecl

can enter the bubble cavity, fig. 16d2. Iurther growth of the
bubble tends to force the liguid outwards again, fige. 16e2, until

gas is again removed ahecad of the interface, fig. 16f2.



The Droccdurc repeated resulits in a worn~hole type blovhole.

For a given amount of gas evolution per unit time
solidilication rate can affect the resulting blovhole structure,
particularly in large ingots, where fcerrostatic pressure plays
& large part in controlling blowhole_growthg \Vlith & slow
solidlf cation rate, less gas Wwill have been cvolved by the time
a critical pressure builds up To suppress blowhole growith, than
Vith a fast solidificetion rate.  Clark(®3) and Binnic(6H)
rcported a decrcase of skin thickness of mould balanced and
rimming ingots when the teeming temperatures were high. This
A effect was probobly due to changes in solidification speed.

WVhen gas evolution is only slight and very small blowvholct are
formed just below the ingot surface, it is unlikely that the

above effects will be observed.

3

The external pressure applied Lo the region in which gas is
evolving in an ingot can greatly aifect blovhole growth. The
effect of fcrrostatic pressure, PF’ was mentioned abovc. Ilorikava
et a1(65) demonstrated the effect of incréasing ?A’ (sce equation
18) in preventing porosity occurring in sand castings vhile
Hultgren ct al(66) showed that blovwhole formation could be largely
supprcessed in rimming ingots by increasing the external pfeésu:e
fron 1 to 15 atnospheres. |
Once the ingot top has‘solidificd over, atmospheric pressure
is eliminated, and onec of two things may happen. Pirstly, a
back pressurce can be set up which curteils blowhole growth.
Secondly, if a pipe cavity begins to form, a shrinkage (or
negative) pressure may stimulate blowhole growth particularly

near thce top of the ingot where the pipe occurs., This ic &



nechanisn thought to overate to some extent in ladle balanced

TN

ngots, to give the charceteristic cone of blovholes just below

the ton surface.



3, DEVELOPMENT OF THEORY

4s pointed out by Turkdogan'®®) his method of calculating
gas pressures in steel 58¢ame less accurate as the concentrations
of iﬁpurity elements increased. _In attempting to apply this
method to a wider range of composifions than was orig;nally
consideréd,;the literature has been examined for evidenc¢ of
likely effects of incfeésing the concentrations of the splute '
elements on thelacquracy_of the calculations. It became apparent
that incfeaSing the carbon congentratién would lead Ho a major
source'of errors unless its effect was offset by suitable
modifications to fhe-original methods  However, the effects
of other elements in the sf%ei (nanganese and silicon) could
by no means be neglected. | |

In modifying the original method, the following factors
'were considered:

(i) solute interaction coefficlents

(i1) change of primary solidification phase (i.e.,

first phase to precipitate) fromoto¥ . '
(iii) varying solidification (liéuidus) temperéture
and hence the,température»at which thermodynamic
reactions occur., (It must be emphasised that
solidification of a emall interdendritic volume
of 1iquid is being coneidered at all times in
* this theoretical treatment).

For the purpose of the present work the parts of Turkdogan's
work applicable to combined deoxidation by manganese and silicon
werevconsidered. A computer programme has been written which
includes original equatiqns‘necessary to calculate gas pressures

under these conditions, together with suitable modifications

[N



to account for factors (i) to (iii) above. Eqnations‘ﬁpon
whlch the computer brogramme was based are given in sectlon A.1
‘of the Appendix, which also includes a number of examples of the
effects of the modifications introduced into the method, section
Al.2. A summary of the modificétions is, howeﬁér; considered
aprropriate at this stage. |

3«1 Solute Interaction Effects

3¢1s1 Carbon Monoxide

For the reaction
_(_3_+_Q=.-"CO(g) C0s0sssrscrctsatosesserretes (19)
the equilibrium constant KCO was expressed as £followsie

I{ CO - P eSO NEENINSICOONOSDOEOESNSOS (20)

co <
where PCO is in atmospheres and the carbon and oxygen concentrations
in liquid iron in weight per cent. Equation (20) is satisfactory
’.providing these concentrations are smalls  However in steels of
comnercial composition it is more qorrect to express KGO as follovws:

K = PGO | ssco0secencese (21)

00 TG0 |TgrEaiiO0]

where f ‘and f are the henrian activity coefflcients -of carbon
and oxygen respectively in liquid steel. These coefficients alloh
for the effects of,ihteraction of other solute elements preseni
"in the liquid steel on carbon and oxygen in solution. fé and £
can be expressed as fbllows:- _

| | logyof, = Z{ex fwt.%x] cessesescsvsssnscsse (22)

and 1Og1of = L tho%X] 'g';.‘gi_‘ooooooocooovoco‘oo (23)

o
-y ) . .
vhere 2, represents the sum of a number of terms and e*, e* are

c? o
interaction coefficients, expressing the effect of a solute



element, X, on carbon and oxygen respectively'in the ternary
solutioné Fe=C=X and Fe=0=X, TFor the purpose of the present
work, interaction was considered to occur between carbon,
oxygen, silicon and nanganese, Hence fe and fo are cxzpressed

as follows =

log, O'f c = eg [W‘b.%(}] + e° 'l:wt.‘,’%oj] + eim [Wt.%rm] + o1 [\vt.%s:l] oo (2L

c c
log1ofo=eg [\%Q%C] + ctce. Qooo;ooo.o-oﬁcnoto_.oocnaooooq'(25)
Selected values of ei and e§ are given in Tables IV and V

together with other published data(67'8u). Second order

interaction effects are ignored. In choosing eﬁ and eﬁ

atfempts Wéré nade to use data about which there scemed moét
agreement in the literature, ~ When this was not possible the
tendency was to use the more recently published datae

The oxygen available for reaction with carbqn to produce CO
is determined by the silicon and manganese levels in the liquid
steel at each incremental stage of solidificétion)in a similar
manner to that adopted by Turkdogan,and no modifications (EoBoy
interaction parameters for manganese and silicon, eﬁn and egi)
have been made to the equationsused to calculate the dissolved
oxygen cqntent. ?CO is now calculatéd, at each svage of
solidification, from equations 21,24 and 25, and the compﬁter
programmne takes into account the changes in fc and fo that must
ocecur &s thé concentrations‘of solute elements vary during
soiidification.

3¢1e¢2 Hydrogen and Nitrogen

Solution of hydrogen and nitrogen in molten iron can be
expressed .as:
’%Hz(ﬁ) = I poocooocooo‘no;aaovoootoooo (26)

E 8000000060000 0C8OINIRINPOIRNGD (27)

¥ Wy(g)



T'or binary Fe-=H and Fe-N systems,the equilibrium constants

for these reactions are given by Sievert's Law:-

KH= pr H 0eReeE®COIQ000CRIO00R0NCGCR00RCO 00 (28)
(PH 2
2
KN'-"—’ f\’,’t.foN? S0 e00CEN00000LI00NCECSIBOEROERNODQ (29)

P )"5
(Na

where PH and PN are in atmospheres.
2 2

The above expressions for Kﬁ,-KN were used in the initia1
work of Turkdogan. = However, in a complexhalioy systen, such
as commercial steels, other elements influence the behaviour
of.hydrogeﬁ and nitrogen in solutione. These effects arec
expressed by the intrbduction of activity coefficients as in

equation 21, Thus equations 28 and 29 become:=-

K. = g [ pprm H]

H
sy

e [wbasi)

Q....O..OCO‘...0.0..‘.0000.0..'0 (30)

]

00.0....0....i...l".‘...e'.... (31)

(PH2>% -

vhere fH and fN are the respective henrian activity coefficients

Ky

:of hydrogen and nitrogen, given at low concentrations, by the
following equations:
| '1og16f1{ = Zeﬁ [W6e5X] eeveeecssecascessaconcnes (32)
logy ofy = 2:e§ [wt.%ﬁ] cesssesrcacsecscccostnns (33)
vhere eg, eﬁ are the interaction cocfficients)expressing the
cffect of solute element, X, on hydrogen and nitrogen respectively

in‘the ternery systems FeeH=X, and Fe=l=X.



In the present work, the interaction of carbon, manganece
and silicon with hydrogen and nitrogen has been considered.
Conse@uently,_fH and f}; are given as follows:=

" ~ & ]
log, o fy = g [wt.50] + egn.[wto%mﬁl + eﬁllﬁt.%sﬂ ceves (3L)
and 10g10f1q = CI% {V-"t.%C] + ebcCe ooooooooo-oooooo-‘otooo (35)
H N
| gH>and €
these interaction parameters have becn shorm to be zero

The values of eg and eg in the present work are listed, together ‘

are not included in the equations as both of
(87,95),

with. other published data(85~190) in Tabies VI and VII. Values

of.eg used were those selected by Chipman and COrrigan(101)

from the}literature. Values obtailned by Veinstein and Elliott(87)

were used for eg and e%n. These are the more recent values and
fall within the range of data obtained from other literaturce.

For egi the value obtained by Laing et al(89) was used as this

fell in the middle of the published range. In calculating
fH and fH it was assumed that seccond order effects do not affect
the result.

- The concentrations of carbon, mangenese and silicon in
the-interdendritié liguid change during}solidification. Hence
£

H

a sinilar memer to £, and £ , and P and P are calculated
c ¢] H2 N2

and fN change accordingly. These changes are computed in

from eguations 30, 31, 3L and 35.

3,2 Influence of Primary Solidification Phase

It was apparent, when dealing with higher carbon levels
than those cbnsidered by Turkdogan, thet at some stage of the
solidification pfocess, the carbon concentration in the eariched

interdendritic licuid would exceced the limit of the peritectic



linc in the Fe~C phaée diagran, point D in fige 17, icee, the
first phasc to solidify woﬁld change from 5to ¥e It is known
that many clenents, including most of those involved in the
present wofk, have greater solubility in ¥=iron than in s5-iron
at a particular temperature. This means that_theif cquilibrium
distribution coefficients, k,, wvill be greater for solidification
to ¥ than Tor solidification to o, neglecting any possible
secondary cffects of other solute elements, Selected data
for k6 and L‘ are given in Tables VIII and IX together with
other published dat (9’33 40,16,18,55,67,95, 103-117)
Tor 6=solidification the ko values used wvere those
suggested by Turkdogan. Data on distribution coefficients
betweeﬁ liquid and ¥=iron are scarce and that available is
nainly fronm one source(67).
Allowance for change in phase during solidifiéation was
taken into account when the computer programme was written.
As shown in fige 17, the limit of the peritcctic line occurs
at approxinately 0.55% carbone (The effects of other elements
on this composition afé neglectéd). The computer was programned
to nake it possible to switch from values of ko for g=iron | |
to ko for ¥=iron when the carbon content in the interdendritic
liquid excéedéd this level of carbone. The equations‘employed
for calculating solute enrichment during solidification to o=iron
(seec equations 4 and 8) and the assumptions made in choosing
these equations (i.e., regarding diffusivities) were assumed

to hold for solidification to ¥=iron. Only values of ko

were programmed to change at the appropriate point.



3.,% Lffect of varving the Solidification (ie.licuidus)
Temperature ‘

Bauilibrium constants for the reactions involved in

calculating gas pressures are temperature dependant. Turkdogan
considered steels containing up ﬁo Oe 1% carbbn and aséumed a
constant solidification temperature of 1525°C.  Any change in
solidification temperature by solute enrichment ﬁas neglected,
However, Turkdogan pointed out the shortcomings of this procedure
wvhen dealing with higher carbon concentrationse. Changes in
solidification temperature resulting from inereased carbon
concentration in the intefdendritic 1iquid can givé fise to large
changes in the egquilibrium constants particularly tﬁose involved
in the deoxidation reactions, when initial carbon levels in the
range Os1 to 00 5% are considered, Hence, large errors, in Py,
can occurs

In the present work steps have beenvtaken to allbw for
changes in solidification temperature, which is assumed to be
deternined solely by the carbon content of the liguid steél.
If the liquidus curves in the Fe-C phase dlagram, fige 17, are
assumed linear then it is poséible to compute the solidification
temperature in terms of carbon content as follows:i=

(i) sSolidification to o=iron (£ C.5% carbon)

TOK = 1810 = 73(%C)  seeeeversssacaseans (36)
(1i1) ©Solidification to y=iron ( > 0.5% carbon) |
TOK = 1819 = 9143(%C) eeececcccsassccnces (37)

The initial solidification temperature, and hence the

temperature av which the thermoaynamic reactions first teke

place, is determined by the initial uniform carbon concentration



vhen g = Ge  The bcemperature thon,changcs progressively with
carbon content between g = O and 1. Should the Tfirst phasc
to 50lidify change from & to 3 during solidification, then
equation (36) is replaced by equation (37). The computer
is programmed to alter course at 0. 5% carbon. |
It is possible to operate the programme in two ﬁays:-
(i) +the solidification temperature is determined by
the initial carbon level (at nil % solidified)
and remains the samec throughout solidification.

(i1) the solidification}temperature}changes with carbon

concentration during solidification.

These two methods have been compared, seec the secltions
A2,1e¢3 and A2e2,3 of Appendix.

The equations Trom which the equilibrium constanis can e
calculated were given, by Turkdbgan, only for the deoxidation
reactions.  However, Ky and K (sce cqguations 30 and 31), are
also temperature dependant, and are cxpressed in the computer
programnnc as follovs:=

logyoky = :1%?1 + 2316 U 12D

log oy =»11§%&1‘- 102146 .....;.....s.......... (39)

T is in degrees absolute and KH and KN are expressed in ppm
hydrogen and weight per cent nitrogen respectively. Equations
arc taken from data of Géller and Sun(109) and Weinstein and
E11i0t4(87), |

3¢l Repults of HModifications

It is shovm in section A2 of the Appendix that the

nodifications outlined in scctions 3.1 t0 363 can have merked



cifTects on the calculaved £as PressurcSe Three carbon lcvcls

have been considered for demonstration purposes, 0.10, .20 and

O

0 505 These are examples of steels in which the prinary
solidification phase is
(1) whoily 6 (0.10% carbon)
(ii) primarily o , but changes to K'durving solidification
(06255 carbon)
(iii) wholly ¥(0.50% carbon)
llanganese and silicon levels considered at each carbon level
vere 1005 and 0,105 respectively. In addition, two further
silicon levels, 0,03 and 0.25% vere considered for the calculations
of Py in 0s107% carbon steelss. The hydrogen and nitrogeh
levels considered vwere 7 ppm and 0.016% respectively.
| The threé,carbon levels examined cover much of the
commercial plain carbon rangc. The mangancsc level of 1,05

s approximately in the niddle of the rangé'found ih commerqial

(XN

carbon steels and the three siliconvlevels should cover a range
of ingot conditions from “"blown" to fully_killed (depending of
course on the hydrogen and nitfogen contents of the sﬁeel).

The hydrogen and nitrogen levels chosen are to the top sidé of
those normally found in modern steelmaking practices, but
demonstréte effects of the computer programme mddifications

the most clearly on the scale chosene | |

Given below is a summary of the effects:

(2a) The interaction terms for carbon tend to be dominant
particulafly at the higher carbon levels conceidered
and during the later stages of solidification.

Terms involving silicon and manganesc cannot howvever

be neglected, especially at low carbon contentse



Terms involving oxygen tend to be very small

and could be neglected.

The net effect of interaction is to reduce Pap
but increase PHZ and (for the most part) Pqp, the
changes being most marked at the higher carﬁon
levels and towards the end of solidification,
Changing from dto ¥during solidification reduces
all the gas partial pressures by virtuc of the
fact that distribution coefficicnts of clements
in ¥are greater than in o, thus resulting in o
slower build=-up of gases in fronﬁ of a solid¥
interfacc.

Programming the liguidus temperaturc to decreasc
as the carbon content of the steel increases
results in a drop in Py, but inereases (fairly

small) in P and P « These effects also

1

2 2

become more pronounced as the carbon content
increasce and solidification proceeds.

Combined effcet of the modifications is to reduce
and, for the most part, increase PH and PN .

Peo I '

The exception with the latter two gases arises when

the drop in pressure resulting from the(5toifchaﬁge
exceceds the inerease in pressure caused by interaction
and varying tempersture cffects.

PTotal’ the total pressurc of gases in the licuid steel

(=P + P, & PF ) is lowered as a result of pressure
)\

Co H2 5
changes described in (e). Increasing the carbon
content of the steel enlarges this pressure drop, which

also generally increases during solidificatione.



L. WAPERTITNTATL TTORK

.1 ZProcecdurc

hole1 Steels Investigated

A liet of steels investigated, ﬁogether with vafiablGS'
gtudied is given in Table Xo Variation of hydrogen in the
free cu ting steels aﬁd nitrogen in the rall steel compositions
vos consistent with the problemsvbeing cncountercd on the steel=
plant at the time the present work vas insfigated. The
wrork was éxtended to plain carbon steels, containing 0.1 and C.2%
carbon, in order to obtain a comprehensive picture of blovhole
Tormation over a fairly Wide-range‘of stecl cualitics.

Ie1a2 Steelmaking end Casting

Laboratory melts, weighing 28 1be., Werec madc up in 2 high
freouency melting furnace with a magnesite lininge Air mélting
was employed and the melting procedure was as follows:=

(i) ©Swedish iron (sce Table XI) was melted down to give

a bath of metal containing approximately Q.27 oxygen.
(ii) Vhere appropriate, hydrogen was bubbléd into the

bath at this stage through a silica tube, held just
under the éurface of the molten metal. The apparatus
was fitted with a saféty vailue since, occasionally,
the tube blocked, causing steel to splash when the
pressurce vas released,

(iii) A path temperature of 1580°C was attained snd ferro=-

| silicon, see Table XI added. The bath was then left

Tor a pebiod of 5 minutes, during vhich, cexperience
in the steelmaking section 2t Swinden Laboratoriés

had shown, the silicon reacted with the oxygen in the



/(V)

steel to form oxides whiCh, aidéd by the cddy
currents created by the coil, floafed to the
éurface and were removed as slag. . After the

5 ninute period théoﬁygen had been reduced
bstcnsibly to an equilibrium value and sufficient
silicon rcmained to meet finel analysis requirenents.

Tinishing additions were made, These consisted

of warner iron, high or low-carbon ferromanganese

and, where appropfiate, nitrogen=-manganese mctale
Averége analyses fbr these alloys are given in
Table XTI, ‘Low-carbon ferromangancse asdditions
were restricted to caces where the specified carbon
content was less than about Os10%. Nitrogen=-
manganese netel was used to boost the nitrogen
content of the stecl. The respective amounts of
gases in the steel were varicd by varying the esmounts
of carbon, silicon, hydrogen and nitrogen added to
the steel, In the free cutting steels, sulphur
was added in the form. of ferrous sulphlde.

ffter the finishing additions had bcen,allowed to
melt, the bath temperature was checked. Casting
temperatures were standardised in the range 1580 to
161Q°C. The 0. 555 carbon steels were cast at
tenperatures towards the lower end of this range
(1580-1590°C), while the low carbon steels tended
to be cast towards the top cnd of the range
(1600=1610°C).

The nelts were cast into cast iron moulds, about

16 in high, with saquare cross section, tapering



Crowm 2 in av the boltonm to 3 in at the ton. The
ingots were left open-top, with no feedcr head or
cothermic ﬁowder additions.

lte1e3 DBampling

ot samplces for chemical ”n lysis (including n lﬁn)

2

wvere taken Jmmcalutcly prior to casting. Samnples for hydrogen

alysis werce taken, first from the furnace, prior to casting

g
F_!

by mesnc of 'gravity filling? il a tubes, and then from the

mould, on completion of casting, by means of c¢vacuated pyrex

ng tubes are given in Tige 18e

(8]

e

tubes. Detalls of the sampl

3 -

I'or the furnace samples, the silica tubes were dipvped into the

molten steel so that the filler hole, sce ig. 18(a) was just
below the surfaccs Steel then LlOde into the tube. The
ends of the evacuatved tubecs werc thinned down so that, on
contact with the molten steel in the mould, the glass melted
and stcel was sucked into the tube.

Yhe silica tubes were pfeferrod to split moulds for the
furnacc semples cince prelininary cexperinents hqd indicated
that it would be difficult to evoid slag conbtemination vwhen
teeming the split nmould sanples. - On the other hand, slag-
Treec gilica btube samplesvéould be ensured by Tirst frceing the
liguid wmebal surface from slag and then kecping the furnace
pover on during sampling, (oncc the power was switched off_and
the eddy currcnts removed, the top surface of the stececl slagged
over). It was impractical to obtain 'pgravity f£illed' samples
from the metal in the mould and hence the evacuated tubes were

used for thic purpose, having first confirmed that comparable

results viere obtained from the two methods,



“he furnece and mould samples vere plunged into cold water
and the gless surrounding the sam 1c shattcred so that ihe
ccl vias cucnched to room temperature in a matter of scconds,
(5 seconds naximum)e  The sam,leu were then transferred to
cardice wherc they remained until analysed by the hot cx ~hraction
method (at 650°C)e  Turnace samples were also utilised, in

certain cases snd when suitable, for oxygen analysis by the
$

n

-t

. iiould samples were initially usca
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the same vay, bub cxtremely high oxygen contents were obtained.
This was atitributed to glass being sucked up into the tube along
with the stecle Oxygen apulySLD, thercfore, was subsccuently
restricted to furnace samples. |

o lolt  Study of Ingol Blowhole Structures

Ingot blowhole structure was studicd visually after'seétioning
the ingots longitudinallye. A selcction of blovhole structures
obtained during the experiments is chovm in fige 1% For
simplicity, ingots werc classcd cither as Yarous' or 'solidl.

Thus, only ingot 'A' in fige 19 would fall into the latter

catesorye

Lel1e5 lictocllogreaphic Exanmination of Samples

Lot oBe Blbwholes

After undergoing preliminery czanination, suitable ingqtsA
were sectioned further; and blowholes studied in more detail
n0ualio rophically. During the preparation of sémples, surfaces
were ground dowvn in stages, and the distances of the blowholé
"tips Trom the ingbt surface measured al each stage. In co doing
it was pocsible to oblain some specinens for exoamination with

blowholes at, or near, thelr ninirum distance f£rom the surlace.
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(ii) GCeCS = Celi,” carbon (Ave «%C)), 0e§ - 1°1r;
| nanganese (AVe 1o 0i0)

(iii) 0e18 = Ce22i: carbon (/Ve «20,2), 0eQ = o155
mangancse (Ave e C)

(1v)  Cel5 = 0,559 carbon (Ave o187), 160 = 1035
nenganesc (4ve 7e250)

Lo2,2 HEstablishing Porous/Solid Borderlines

Ag inGicated in Table X, for a particular steel base

composition, silicon and either nitrogen or hydrogen verce varied

s

-

iivided

[m]

sC0 as 1o vary ithe gas contente. Henee, results vere
into & numbcr ofvdiscretc silicon ranges, and within these
ranges, the ceffects of increasing nitrogen or hydrogen were
studicds Results for 0.107 carbon free cutting steels are
shown in fige 20 Here the ingots were classed as 'porous!t
or 'sclid'! according to the scheme outlined in fige 1% The
mangancse and niﬁrogen were held constant at 1.05% and Ce OC8S
respectively and the silicon ranges viere chosen as follovs:
nil=0, 02053 G0 02=0,055; 0o 05=0e 10703 0o 10=0,205; 0 20-Ce 30/
The ranges vere wider for the higher gilicon steels since the

ef'fect of silicon on ithe oxygen content of the steel diminiches
with increasing amount of deoxidant(hs). To make it possible
to divide up the‘silicon 1évéls into the smaller discrete
TENges, Ce o nil-o,ozﬁ; with confidenCe; it vas necessary to
enploy colerinctric silicon analysis (accuratc to +0.005% silicon)
in place of the more routine gravimetric analysis, accuratc
t0 +0.02/5 silicone

he hydrogen content plotied in fige 20 is that of the
liguid in the mould at the end of castinge The cvacuated tubes
used to obtain mould samples Tor hyérogen enalysis did not

always operate satisfactorily, but it was always possible to.



obtain’good furnace samplés. For this reason, a relationship

was established between the hydrogen content in the furnace

and that in the mould on casts where both samples vere

satisfactory. This nade it possible to obtain a good estimate

of the hydrogen content of steel in the mould from the furnace

value when a poor mduid sample vas obtained. Relationships

between furnace and mould hydrogen éontents are given in fige 21

for free cutting steel‘(O.QS and 0.10% carbon) and plain low

carbon steels (0.1 and 0.2% carbdn)o It will be noted in

both casés, that there ﬁas,a certain hydrogen level above which

hydrogén.was‘lostvbeﬁween furnace and mould and below which

hydrogen was picked up. For free cutting steels this value

was 3.6'ml/100g; ‘for-plain céfbon steels the value was 5;8 ml/400g.
in fig. 20,-the upper iimit of the pofoua/solid borderiine |

'.scatter band was taken as the highest hydrogen level at which

a solid ingot was obtainedo The lower 11mit was taken to be

~ the lowest hydrogen level to produce a Qorous ihgot. | In'the

silicon range nil=0,02% no lower limit to the borderline could

be eStablished at the minimum 1evels of hydrogen and nitrogen

attainable on the air melting furnaces. The point demonstrated

: in figo 20 is that the hydrogen cqntent at the poroua/solid

borderline 1ncreased with increasing silicon content, although,

above about 0.10% silicon, very little change in the position

of the borderline was detected, The effect i1s shown more

clearly‘in fig. 22 Here the scatter bands were.re?drawn

with the silicon content increasing continuously, rather than

in é series of discrete steps. The best curve was drawn

through the bands to depict the best estimate of the porous/

éolid borderline over the range of compositions studied.



Ideally the resulits should havc been divided into a larpge number
of discrete silicon ranges betwecen nil and 0.30%, but this would
have involved a prohibitive number of castls.

Similar exercises, involving about hﬁo experimental casts,
werc carried out for the compositions‘listed in Table X, and the
results are presented in fi80‘230 In this figure, the pointsron
the curves are the nid=-points of scatter bands, similar to those
shown in fige 22. Results from the free cutting steel experiments
in fig. 23(a) show that the porous/solid borderline hydrogen
content was higher in the 0.05% carbon than in the 0.10% carbon
‘steelc over the full range of silicon levels studied. A‘similar
pattcrn emerges from fige 23(c), wherc the nitrogen content at
the porous/solid borderline is higher in the 0.1% plain carbon
than in the 0.Li8% plain carbon stcels over the full silicon range,
in spite of the manganesec level being slightly higher in the
0. L85 carbon steels. Hoviever, this trend is reversed in fig.
23(5), in which borderlinesin 0.1 and 0.2% plain carbon stcels
are comparede Though the curves are close together up to
approximately 0.15% silicon, the porous/solid borderline is higher
in the 0.2% than in the 0.1% carbon steels.  Comparing 0O.1%
carbon free cutting with plain carbon (or low-sulphur) éﬁepl,
figs° 03(a) and (b) it is seen that for a given silicon level,
morc hydrogen is required to produce porous ingots in the'highr
sulphur ingots than in the low sulphur onec. A general fcature
of the fesults was a sharper change in the porous/solid border-
lines at low gilicon levels comparea with the silicon levels
exceeding Qo 1%

In only one of the scries of cxperimental steels,thc 0. O5%
carbon chlwas it found possible to obtain solid ingots (and
therefore a poroua/solid‘borderline) below about 0.03% silicon,

even when the hydrogen and nitrogen contents were not boosteds



In the rail steecls (O.QS% carbon), solid ingots could not Bc
obtained below about 0.075% silicon.

From the curves in fig. 23, it was possible to read off
pordua/solid borderline hydrogen or nitrogen levels for a number
of silicon levels, see Table XII, and this data was fed into
the computer for gas pressure calculations (see Seciion 5).

h.2.,3 Silicon-Oxygen Relationships in Eggerimenial Steels

Since air melting vias empldyed, and the experinents were
not being carried out under ideal circumstances as far as
equilibrium for the deoxidation and gas reactions wvas concerned,
it was decided to compare the oxygen levels obtained in the
experimental steels with those predicted by work carried out
under controlled conditions‘and utilised by Turkdogan(MG).

Aléo, in view of the apparent effect of sulphur in causing an
increase in the porous/solid borderline, the oxygen levels in

0o 1% carbon free cutting and plain cafbon steels were compared,
see fig. 24 Normally, at least 2-3 oxygen determinations

were carried out on each silica tube sample, and the average
value téken. If the values from these determinations disagreed
narkedly (by more than about 10%), ex*“a determinations were
performed until a reasonable average value ﬁas obtained.

The theoretical 51licon-oxygen curve. in fig. 24 vas
.calculated from the data glven in ”urkdogan 5 papcre A
manganese level of 1,07 was assumed. In general}the cxperimental
joints, as expecceted, fell above the théoretical lines However,
a nﬁmber of points from the high sulphur sicel experimenté
fell on or below the theoretical curve, and in the range nil to

0.10% silicon in particular)the oxygen levels in the high-sulphur



cteels were generally\loﬁer,than,in the plain carbon stecls.
AVerage oxygen levels for the following silicon ranges: nile
0e 0553 0o 05=0010%; 0Oe10=0,205% and 0. 20-0.307 in the low and
high sulphur steels are given in Table XIII. For each silicon
range the oxygen content of high sulphur steels was lower than
that of the low=-sulphur steels.

The technique employed for oxygen analysis measurcs the
total oxygen content of the steel (i.e. not only dissolved
oxygen, but also oxygen in the steel combined as oxides)e
Unless 8ll these inclusions are eliminated from the 1iqﬁid Stoél,
it is obvious that a true silicon-oxygen relationship cannot be
established. Thus, as mentioned earlier, an attempt vwas made
to assess the effect of inclusion content on the total oxygen
content in the steel. In addition, suitable inclusions werc
analysed on the electron probe microanalyser to establish
vhether the assumptions made in the theoretical treatment,
regarding silicate analysis (i.e. that the silicates werc of
composition MnO.SiOzf, were reasonables

L2,k Inclusion Examination

Specimens for metallographic examination were selected so
that o number of samples having the same silicon content but
varying total oxygen contents were examined, Yiork Was‘carried
out by a quentitative television microscope and results for
& number of plain‘carbon steecl specimens are shown in Table XIVe
It was possible, using the QM, to measure total area per cent
of oxides and the number of oxides in various size ranges, but
not thé arca per cent oxides in each size range. |

Preiiminary metallographic examination revealed three

fairly well defined size ranges of oxides (see fig. 25):



) a lerge number of very small inclusions,

(

I-te

<lyp in diameter,
(i1) a smaller number of inclusions L=10u,
(iii) a few inclusions, »OW in size.

The inclusions in the range L=10p and Y100 in size were
considered unlikely to have formed during solidificstion and
cooling of the steel samples, vwhich had been quenched rapidly,
giving inclusions very little time to grow or coagulate, It
vas inferred, therefore, that these inclusions were present in
the ligquid steel prior to solidification and the oxygen combined
in these inclusions could not be classed as 'dissolved' at
éasting temperatures. On the other hand, the large numbers
of very small inclusions, by virtue of their more genéral
‘distribution and size, probably precipitated as a result of
manganese, silicon and oxygen cnrichment during soli&ificafion

nd the oxygen combined in these inclusions could be classed

8]

el

s 'dissolved® prior to solidification.

The results presented in Table XIV show that the above‘
infercncees vrere reasonable. For a particular silicon content,
incrcesing the numbers of the larger inclusions, particularly
those above 10u , led to an increase in the total oxygen content.
This effect was appérent, but not as marked, for the inclusion
gize range 4 - 101 and therc was little trend of total oxygen
content with the number of inclusions <Ly in sizec.

Inalysic ofa number of oxides is given in Table Vo Only
the larger oxides (i.c. those formed prior to solidification)
were of suitable size for probe analysis. These oxiaes vere
found to be silicates containing mainly 'nO and SiO2 but with

small amounts of FeO and Tiozo The Ti02 was thought to have



originated from residual titanium in the steelmaking additions

or furnace lining contamination from previous casitse. The
information given in Taeble XV indicates that the Inclusion analysis
varied between (MnO.FeO)SiO2 and (MnO,FeO)1°5.SiOEe Bxcluding

the small smount of FeO, the composition can be said to vary

between 10,510, end (Mn0)1.5.81020 There appeared to be

2
a trend from the former to the latter composition with increasing
Si/I-.En ratio. This information sﬁggests thet an assunmed silicate
composition of 1n0.5i0, in the theoretical model was not
unrcasonable. |

Arca per cent oxide figures are included in Table XIV.
From these figgres weight per cent silicon and oxygen combined
as oxides, assumed to be of composition Hn.SiO3 were calculated.
Fige 26 shows a rcasonable relationship between vacuum oxygen
results and the calculated oxygen figures, and indicates thot
most of the oxygen in the steel was combined as oxides after

gsollidification.

ls2.5 Blowhole Examination

There was a trend in the type of blowhole producecd from
an acicular type in the very low carbon‘steels (up to 0.15%)
to a more 1enticu1ar or bulbous type inAthe higher)O,uB% carbon
stecls. Examples of the different types of blowhole are
given in Tigses 27=2%. |
Irrespective of the type of blovhole, those in ingots
of borderline porosity, or on the slightly gassy side (sce
fig. 19(b), were trapped very close to the ingot surface,
althoﬁgh in many cases this was not immediately apparent‘&ue

to sectioning effects,



Using thce techniguc of grinding the spececimenc in stages,
sﬁpface~to~blowholc distances of as low as C.06 mm verc measurede
The close proxzimity of & blovwhole tip to the ingot surface is
demonstrated in fige 30, Ilote the prctubérance at the surface
adjdccﬁt to the tip of the blowhole<in fig, 30(a) suggesting;
perhaps, that the pressure of gases in the blowholc has forced
the surfacc skin outiiardse.

It isvapparenﬁ in fige 29 that there is a very fine dendrite
spacing in the region of the base of the blovholes. The
structure was in fact so indistincet at this point that it weas
not possible to obtain a reasonable csiimate of the spacingse
Measurencents made about 10 mm from the ingot surface showed

the spacing et this position was approximately 0,05 mm.
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C7¥ POROUS/SOLID BORDHMRILI Iﬁ CO¥FOSITION

The theory, outlined coriier in the dissertation and in

the “noendix, was anclica to the caleculation of pas pressures
in steels of porous/solid borderline composition shown in

Tanle ¥X1I. 411 the medifications ontlined in section 3

-

(i.c., interzction, varying teupecrature, o - change)

werc included in the calculations. Srambles of how P”O’
W]

PP end P..  can coniribute to P$ot“1 are given in fig. 31l
Lm Dimy LOuva

=4

It is conarent thet the relative contributions of the three

clidificetion. In the esarly’

couLIONEnNY £ases chiange aurlng S

stous of solicificaetion, PCO tends to dominate, but tovards

the s of the soliaification, ithe conbination of @ ﬁH and ”W
2 2

meies tne lorger contributica te P e wnote the difference

Total
in Cieted between the Co10 and 0.4060 carbon stecls at nil/l
JRAN GEIE VPR 5
scliliivicde P - in the 0.48,. carbon steel is much higher

T Total v
ther in the CL.,1C,. carbon stecl initially, but during ithc
solilllicuati on process the valucs of Iy, to for the two carben
leveln credually merpe, and, at soms stage, redch a coruign
valuc,., This agrcenent in "otaW during the later stages of
sciidification is a very imvnertant factor in determining how
the theory can be applied successfully to practice, as will
be UVJCPIDEu in more detaill in the diccuscione.
Coagtal curves for the porous/solid borderlinec compositions,
given: in rtable XII, arc presenied in £ips. 32=34. The
generel pattern is {or PTotal to incrcase during the solidifico=
tice wrocess, althcugh in sone cases, this ic folloved by a

decrcase in the later stages of solidification.



Lo Intcrpreting thie prossure curves, wWe ocsswhption

('P
4]

werc nude. the Lirst was thet for vlovwholes o {orm,
Dobe mast creeed ov least one atmosphere. The reason
[CRSRN N .

vipvion wos that netolliographic exaninati
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had iadicated thav vlovhcles c] cate very close -bo tHhe
ingot surlface, alnost ceritainly berore a significant

Terrvototic pressure had built up, ond vbelfore the ingot

the influence of
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atuospheric pressurc., Yor the moment, nucleation problems
wers norlecteds The secend assunniuion wos thot blovhole

1

forrotion, and hence the ;ordus/solid borderline,should
ocor o all comnes 04s? &t a pariticular pressure or
wii. i = osnoll pressure rango; Furthérﬂoro, a certain value
off o should ceorzesnond te a certein blovhole structurce.
Heicoy Tor a particular sct of pérous/solid borderline
curves, there should be close cgreement at some

stoc of SOlidifiCuulOﬂ and “artlculurlyfin the region

of i atmospherce and coove. The Tirst curves to be
obi.iicd were those for free cuiling stcels, Tige 32(a)

and (bHj. Ocatter bands for these two series of curves

“Potal
betvoconr the two sets of steels ccecurred at appeoximately

arc Srovm in Tige 35(e). Clozest apreement in

9C, celidified, Yhe prossure renge ab this point being
1.2 1o L4415 atmcsphercs.

similar ugréemcnt in orecseurce at 9@[ S0 ificd was
obtuined fer the 0.15 corbon steels, containing 0,008
nitec en, fige 33(a). However, in this case the DPrESsUre

ren;c was 0.9 to 1.0 atmospheres (see also scatter band in



criterion for onredicting »eorous/colid borderlines in steelse
cueh elese aprcenant in ?1‘3a_ cbicincd for the low-
earbon stecls with vorying hydro@cn,rqurnot rcpcqted vvhen
the niirogen content wes veried, sec fig. 33(b). The
porcus/selid berdcrline ), - Vvalucs for the hish-nitrecen
(>0.010) steels devieted Trom those for lowv-nitrozen
(< .CLly) during the later stages of gelicdification. The
Prescune ange(at 90. solidified fTor the high-nitrogen
steois wes 1.10 to 1.25 atnospheres, while {or ithe iow-
nitoon steels it was 0.85 to 1.10 atmosphefbs; 4 similer

2t 90, solidified with increasing

r

troens o8 o higher ?Total
nitvorooon content for porcus/solid borderline ccmpesiticns
wet coserved with the U.Lb. carbon stoels, fige 3u(b).

In_LJi; czse, for sitecle céntaining up to C.Cl3. nitrogen,
P, 5 00 90 solidified was l.U-1l.l atmosphefes, in good

apr ooab with the lowvenitrogen CoL. carbon stecls (see

SC:hae benas, fize 35(D))e  fbove 0,013 nitrogen, ¥, .
= : Total
(o¢ ) wee 1,1 tc 1.2 atmospheres, zgain in excellent

agroomant withnthe results from the C.L: carbon steels, feles
fice =5(c)e The pesulés from the 0.2 carbon steels,

« 3i(z) did not f2ll into the above paticrn. However

iﬁ corves Tor steels containing up to 0.15 cilicon arec
concitered, it is evident that closest agrecnent in PTotal
occurs ot about 90, s0lidificd in the range ll.l tg 1.2 aitmespheres.
The curve for the 0.25. silicon steecls containing 706 P

hydro-cn does not give such good agreement, and pressuvures

appreaching 1.4/1.5 atmespheres are attained at 90=95. solidificde.



were Lhe Poiply hich initizl ros pressurcs in C.2 and 0.48):
carpe gtecle counnopie wiith those in $.0Z end C.10,. carbon
steclis, Slsos the H”C‘ﬁl curves Lor the niher carbon

SEVIoN . - o C -
steciz sended to anorcoch ¢nce atmesnhcere ot on earlier stag
~ 4
U

w lew carvon G186

t
(l
(’)
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]
cr
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0

of solilificetica thon tiho curv
Jhe relative centributions tn”t CC, Hz and K2 make to
e is demenet bra bed in Wable XVI, in

-~

gas vressures at 90, solidificd, for the porous/

solid Derderline compesiticns obtoincd in the onresent work,

|

arc lintzde The increasing importence of ».. and P Py » a8
o
: 2 2

the .o pee of decxidation in the steel increases, is evidento
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5.1 imitetions of Theory
Helel Zauilibrium Date
In calenlating the werticl ressurce of carbon monoxide,

was assunmed, consistoant with

Turhaosan’ts originel wvorll, thot 1l deoxidation ond gas

thot there was no »roblem of oxide nucleation, and that no

)

ki;ctic factors viere invelved, cisher during ccoling or the
suboorueny selidificabticn precess, rurthermore, in consider-
ins cconidatvion reocticns, 1t was asswned thut cnly manganes
anc silicon determined the amount of dissolved oxygen available
to rooet with carbon to produce carbon monoxide, The oxides
invwlved in the deoxidatlun nrecess were assumcd to be mure
anese silicuTes o . R ;’w.

Lo the Lirst stape of uc cxng imental procedure,
me’ vius was carricd out under atmospheric conditions.
Trheo, wnilke the conditions under vwhich the thermodynanic
det: vere botuined, there was & continuousvsupply of air

the stvainment of complete
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4eoui1ib:ium unlilielya ‘In cwite of this, analysis of oxides
‘prCQCﬁﬁ in the steel prlor %o solidification, showed that
silticratess similar in compoéition to those predicteda fromn the
thiccr, were obtalned. The silicon - oxygen rcldtioﬁship

(fev 1.0, manganese) in the experimentel steels at tap lay
abeove the esuilibrium line calculated frecer theory, see fig. 24.
Hooever, cuantitctive metallography revealed that much of the
oxy e in the steel was corbined es oxides which had not

escooed from the system. Thercfore, the true experimental



silicoan = cxyoen selocicnsain 1oy neorer the couilibriun

Ludphur, notv includzd in the theowetical deoxidation
e cxypen content

of inhc stzels uon stlnnur de reputcedly o weal deoxicant

therelove, have Lititle ceifect on the oxygen content of the

vork indicaved that the

g - b - 2. o PPNPNUIR I S
svood, evidence Lo Lic

ox: on content of resulvhurisced stcels was lover than thed

of 4ie wiain carboen steels over the silicon raonge cxamined,

the lover silicon lecvels

It 1o Teseible that sulohur indirectly affects the deoxidation

re:cuions by infiuencing the sctivitics of the other decxicaents,

“or instonce. Yhig evparent 'killino' action of

i
. . - X , . . . . . 119-12%)
suil i nas been neted elsewherce in other 1nvest1gat10ns( d !

( 1214.)

but oooorvently witncut explanation, wnitil Yceo suggested

th4 e funecivion off vnis clement might be to imvneir the
tr oo of cerbon ond oxygen atvoms acrocs the cas/liquid

face in the samce way it is reputed 1o glow dovmn

ria
. 61,62 . . . -
niuze on dransfer ” )° Clearly, therc is scope for:

’) )

furinze workk to be done toe study the srue deoxidation ef

of cul-onur,
aivcing castving, the contact of the nolten stecel with

the ~duosvhere ic cuother Tactor which can upset equilibriun

concitions. Fer insvance, JPLbVl\'Q) noted oxzygen pick=-un

cel during veeminge. Oxidation eiffects during casiting

rs
ci

in

were not exanined in the oresent work, bui, as shcowm in



~

Tire 21, ncie wos toien of the ch:ngé in hydrosen conteny
of tnt gtcel ss 1t puasse Tren the furnace to the mould.
The rosulis from this sord of o cxperinentc shoved that
thers vosg o cexooin loved of hydrcoen in the Jlizuld steel,
v othe Turnocc, EROVe thch aydoopen wos loct
urmaoce and novid ond below vhich it wvos picked un.
Thic suorestec o Linctic ¢ffcet cnd on couilibrium hydrcesen
content of the Llicguid sﬁccle ilcnce there will be a driving

o

Lo eliner increase o reducce b

vent of the sveel, ond this force will Dbe nafﬂ¢cularlv
Ticient frce surface ovailsble Jor
teo ol of pas atoms o cccur.  Suinimur wvas observed to

hes :ﬂ elTect i vhe chonge in hydrocen content of the stecl
bew .o lvrnace and moﬁld (fig. 21). & tenfold increase in
the colohur content avnarenily reduce o whe coullilbriun hydrogen

y e . .y T . [ . o - & e S I, " a4
conoo e of the stocel mentloned carliecrs 'This suggests thint
) . ]

the Ccolubility of hydrogen in the stcel moy be lovercd by

O

ervation verificd by the resulis of Jeinstein

an.  Liictt o Furtl ore, the slope of the line fov

—
=

CIi

ct

the 2200 osulphur steels in fige 21 is lescs thon that fox the

&

¥

lo. culchur stecls, cug esting thzot sulphur slows dowm th
trowefcr of hydrogen gac atons from the licuid steel 1o the

atirsshere In a sinilar T ashion to the nitrceen transfer

el uels o Jossiblc inmplications of these cobservations,

vits rorard to bleornolce nuclention and grovth, will be

diccuszed latere
Mile it was possible to exemine the lerger inclusions

(>~1LM) in the steel prescnt priocr to solidificcticn, the



snellicr inciuvsliconss 2nd, in. porticular, tnosce Forncd

durins cceliciliceticn ¢ {he samplces, wvere unsuiveblice for

prove canclysis.  The comncslvion of these smaller inclusions
waen conseoucenly nov cstobilicuede It can only be stated
thet shey eovenred gilicecus on vievol exonmincticie In view

2l ponid gelidiiicotion rotes o the suriace

¢t videl wust result in gulte varigble

-~
¥

locsliged conditions, duc, in part, o changcs in solute
ceneontrotions, it ds uniikely thot ecquilibeiun conditions
can cuiste The assumnition of equilibrium at this stage

of Lho uwrecess is therefcore cne of the most opvicus limitetions

Jho ossunptions mode regarding soiulte nixing during

scliicilication arc cuesitionable, wnaeticuliarly in view of the

—~

re o zoiidificaticn wotes obtuined in the chill casyg
ots. The use of ecuuation (8) implicitly
asioooon vnet the liguid is completsely nix at cll times,

thy T oLaore is no diffusion in the solia, and that 1'0
the ¢ouilibreiun ulSu'lDuuWOn coef{icient, anvlies at all

(39)

tines.e  Jhile Brody snd Plenings shoved that equa ation (8)

distribution between

g
L

L that the use ©

equ iicn (0)s in wloce of couution (7), i.c. k. in place
of .. the effective distribution coelficient, was valid
onl  vhncn seolidification rates were very lov. Vith finite
ciy/imin, such as would be obtainecd

in chill cast ingohs, kE vias greater than ko and cpproached
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o,

cGe vhen Uiic interiace liguld concenivration lics between

(N3

. Cqg : .
Co cnc ./Lo;,’(This was not itoken into account by the above

, 35,03, Ll |
Worxers(?)’4J"'l) These arc alnosy

¢

xactly the conditions
found when employing the compleosely mized licuid medel used
It . ~ e - Co/

in e nresent work. Lo liduid councentrations of 9k0~ in

the »lane-Lront ncdel viruvuelly corresponds te the later

olidificetion in the

9]

stores (iece 90-95. solidificd) of
cornlcecly mized livuld ncdel, illencey it is not unreasonable
1o cxpoeey the two models to produce similar results with
reoerd 1o the predicticn of porous/solid borderlines,

of course thot similar date are used.

In the above paragrephs, vie wo solldification nodels
concidered have been one orf complete licuid mizing between
denoxrites and cae of mixing by dififusion cnly ahead of &
pl;n:f interface. fThe occurcncc of & complctely wnlenar
“initerfuce is very unlikely in a complex zlloy sucli as steel,
even in the very carly stages orf solidificaﬁion.' Similarly,
it oisc is unlikely thot a‘dendritic structure will have
tine Go develon fully in the time it takes a Dlovhole to
aprour.  An intermediate situation of an interface, nade

up o protrusions, shown in fig., 36, is nmore likely to exist.

=]

The coupletely mixed licuid ncdel could still be applied

to tunc localised regions betiwecen the protrusions into which

1

e

cuid is beling rejected laterally. In this case, the
calculations of solute enriclhment and gas vressures will be
no ciiferent to those perrormed in the present vork. 4t

the other extreme, if the solidification rate is fast.enough

to set up & diffusion profile, the thickness of the diffusion



loyer, 4, nust De coencidered., Subton ct ol found vealues

RN

of d ¢ enproxiunctely 1 nn Tor conditicns of natural con-

in-the »resent.context to

] 0 N

surlsice of chill cast incols have beecn found in the presenty

(125)

vorls, «nd also by Poirer and Flemings 40 be less then

0.C% iy, lece nenrly twWo crdere of narnitude 10.3 than +the

2 )
i

revoeicd thiclmess of the diffucicn layer, d. This neons
thet didfusion profil CA fron neichbouring protrusions, both
solute laterally into the liguid, will ovcriap

ag che.n in fige 37. urthicrmore, it is n“db"ulc that the
incivicuel profiles will be similar to thosce cuisting under
Yivpiticl trancicent! conﬁitions dgeseribed ecarlicr, since the
distonece over which the dinitial transicnt ex tists is generally
grewber than the dirfusion layer (or characterisiic listonce) s
and acnce luch grecter tnan tpb ing erdenarl sbacing.

Unde» cuch conditions, the liguid concenitraticn at the solid
prosrusion/liquid interface will be less than Cq/ko, see

fic. 2 cnd 37. 7The overlapping cf the diffusioh profiles

0]

wiil result in a levelling-out of sclute concentrations

Y

in %ihc interdendritic licuid and create a situation not

uniile one of complcete mitzing. Thus, th solidificution
nodcl uced in the vresent worls is probably not so

unrceoscnable as was first imapined, Iliovwever, since difiusion
wvill be resiricted %o & certuin extent within the liguid
re;ions between protrusions, a 'terminal transient' condition,

sec pection 2.2, may exist on a very small scale near the



c¢na i vhe sclidification process. Under these circumsiances

o)
i
s
l~‘
6]
O
}-3

v high concentrations ol solute clecuenis could be

(D)

found, as pointed out by Chalnc These concentrations
would be higher thun those caleulzted cither by the model

en: loyed in the present work or by the cnc used by Ceiers

(43, 2—21-}«) - s iees . s
et ol s but would be ailfficult to csivinate in pracitices
Hovever, as mentioned in section 2.5 fairly hipgh concentra-

ticns would probably be rewuired Lo aid the formation of
& svcble blowhole nucleus at the solid/ligquid interface.

L Tullery discussion on blowhole nucleation and growtn is

Gelos lodifications

It is evident from Tables IV to IX that there can, in
scrc cases, be maried disagrecmnent beitween the reported
intercction and distribuiion coelfficienis. The interaction
. x . . . . ' .
terns e @t.x %} will obvicusly be ini'luenced by the choice
of data, and hence P~~s P, and P, will be affected. The

Cco H2 Ny ‘
eri'cet of varying the input data has not yet been studied.
It wvould appear, hovever, frcm Tables IV to VII that
changing the interaction parameters would not, in the
najorlty of cases, alter the general itrend in results outlined
in section 3 and the Appendix. xceptions seem to be in the

in

choice of ey ° If the value of -0, OQ& was used for ehn

N ?
then LW could be less than unity over a wide range of carbon

and. silicon levels, devpending of course on the manganese
content of the steel,
svailable data on the distribution coefiicients, see

Tabhles VIII and IX, indicate that those for carbon, hydrogen



and nitrogen (kC, kH and kN) increase on changing fron

& wo (s thus tending to Gecrease the cmnount of these
elcucnis rejecved into the interdendritic liguid and hence
resuce 300’ PHZ ana PNZ. The information on ksi in Y.
“incicetes that it is less than in g. -fhus more silicon
will e rejectéd from the sclid once solidification to ¥
occuﬁs, end this will also tend to reduce PCO' Reported
values for(kmn in & and Y indicate that ké increases from

5 S0 ¥, tvhus tending o increase PCO‘ For oxygen,vvalués of
k in & and ¥ overlan slightly, but the weight of evidence

sur;csts that k decrcases from 6 to Y increasing the amount

of oIy

~en in the liguid and hence increasing PCO' 48

obscrved carlier, thc net effect cf these changes in k, is

to lover PCO’ PHZ and PNZ. Altering the values of k

from tnese uscd at present in the programme would alter

the nmarnitude of the pressurce changes, on mcving from

6 4o T, but not the general trend in results. O course,

chonging the values of k will in any event change the rate

at wivich the clements concentrate in the interdendrisic

licuid during solidification, and hence the gas pressures.
Phe k values used in this work have been determined

(126)

on binary Pe - X clloys. Doherty and lielford showed
thot the prescnce of carben in FPe = C - Cr alloys influenced
the value of kCr in the steel. work at Swinden Laboratcries
has indicated that increasing the carbon conitent increascs
the sepregetion tendencics of both chromium and mangancse,

but detailed information on values of k for elements of

intercst in the present work has noi been Tound .



Lo conditions under wnich the & 0 Y phase change
telics place duving soliaification have becen simpliiied
for tne purposc oi the conputcr programuc. It has been
acsuicd that when ithe interacndrivic ligula confained
‘ﬁp‘ﬁé U e 5e c&rboﬁ,tho vrlizary solidification is o,and thatg
abeve Cob. éarbon, tue primary phase simply changes te
T, without complex reectlions ccecurring.

Jcference t0 the Fe - C phasc aiagram, seec Tige 17,
to betwveen O.11 and 0.52:"
carbon undergo peritectic transformation during solidifi-
caticn. Uteels whose initial carbon contents lie between
points B and C in fig. 17 will first precipitate o during
soliaivicaticne. Undecr the conditions assumcd in the
goiiwification model in fhis work (i.c. completic diffusion
ol c;rbonvin IiQﬂid and solid), the composition of the
solid vwill follow the solidus line &8 as the icmperature
drans end solidificction procecds. OSimilarly, the
licnid composition follows the liguidus linc 4D. ‘/hen
the vemperature falls to 1,499°C, solid & of composition
Jell,. carbon (point B) is in equilibrium with liquid of
connosition 06525 carbon. (voint D). 4t this stage,
under cquilibriwn conditions all the solid o and the
remcining licuid rcact to produce o nixture of & and Y,
vhich tien centinue to precipitate simultaneously.

Durin-: this joint precivitation {the liguidus carbon
conitony remains at o constont value, vize 0,520, and
the compositions of 6 and Y being precipitated are C.11

and O.165 c“rbon respectively. On these considerations



.

in

~
o
-
~
Lo
J
.
t
—

it night be enticipated that the valuc of pCO
the licuid should remoin foirly constant once peritectic
tronslermation had begune.  licuever the cther impuriity
eleents (i.c. mensoncsc, silican, ehc.) in the cteel
éhuula vrevent this. for cxemplo, with the cdditvion

of o third element to the e - O sysicn, e€.5e silicoﬁ,
“the binary s + ¥ phose {icld i1l Docome o ternar v region
contoining L + 6 + Y. IHence solidification will

ccontinue along with the precinitation of & + Ve Uncer

thooe cond iitions it dis diffTicult to decide vhat values

sheid be assirmed o the distribution coefficients, since
o nimture of two solid phases ,with difd erent sofubilities

Tor thwe inpurity elements,are being Torned.
In steels vhere the initial carbon content lies
betvecen € and D in fige. 17, the LTiret nhase to solidify

is §s but this tirme when the tenmp erauufc falls to the

3

eritcetic line, & (containing 0.12¢ carbon) and the
‘PGLtiﬁing liguid react to nroduce liguid and Y, concalnlpg
Ol #nG 016, carbon res nectlvely. At cqulllbrlum 2ll
thc o is consumed and solidification then proceeds with
the precipitation of Y. “he cbmpbsiti on of the liquid
will then follow the line DGs Similarly the solid
connositicon follows CF. The éimple’épproach cmployed

in the programme for o to ¥ transformaticn would appeaf

to be more suitable for sicels solidilying under these

(¢

ontitions, than for the case described earlier vhere

o ¢nd 7 precipitate Jointlye.



~

211 thie carbon levels considcered in thic werln arc
eitacy close o or witnin the compesiticn renge in
vihiicii oeritectic recactvicn occurs. Accovding to fig. 1?
the 0.05 tnd 0,1C,. carbon stecls lic Jjust to the ledt of point

B i she peritectvic line cnd should, under idcal conditions,

&5 o whe Colll corben sicels 1ic just within

the seritectic zegion, to the lef{ of neint D,y but chould .
S0Llidily substenticlly as Y. Whe 0.20,. carbon sicels lie between
C cnd U end should wndergo 86 4o ¥ trensformaticn during solidi-

Ticoaticne Ilene of the slloys chosen lies between B and C.
The sogitions of By, C end D will vrobably be shifted in the
prcesence ol othor inpurity clements, nitrogen in pariticular
vhicn ig & grong custer ii formere. Thercefore the phase
rclotionshins jusi described for ithce ihrcee corbon levels could
chenge 4o souc e Lent.

ne limitaticms of the approach employed for §to Y
tréncformation also anwly to the ccualtions used to
calculante the 1iquidué temperatures during SCll( ification
Any Torther modifications made to the ncidel with
ressect to the phaée relationships during solidification
should also anply to these equations. Iiowever, at this
sta e ol the TTOrkK GPDhaulS has been ﬁlaced more on anplying
the wodel in its prcsent ferm to results from laboratory
and wlont work thoen  to experimenting with the various
theoretical datz. It is hovever apprcciated thaet at some later
stose 14 nmay be necessary to aliter, and »os 1blf add. to, the
theorevical data fed into the programme as more information

becones available. In particuler a study of sclidification



theewsh the veritectic reaction warrants detailed study.

6.2 _onlicaticn of the Theory

In gpnite of limitatic in the theerctical annroach,

{ﬂ

the ~os npressures vcalculatc& Ter incoils of vpovrous/solid
boricrline comnosition have been chowm to agrec quite well
cver o falrly wide ronpge of carbon contents, see figs. 31-35.

icghlichted the vorying roles that

CO; ¥, end I, con wlay in the Tormation of bleovholes in

stecl, then only small amounts of hydrogen and nitrogen are

recuired uO oroduce blovholes and the contribution of Pho

A\
to tho total cas nressure, Pmot“l’ is large. Ho wever, as
. BN Gl

the cnount of deoxidants in the steel is increased, and
’PGC dcereases, blovholes can s5till occur when the hydrocen

nd/or nitrocen levels are high enoush and F" and PW malke
" -2
the nojor contributicon to }”otal Thic was domonP‘ratoa in

Tablec VI,
It is the objecct of this section of the discussion to
deccrine ways in which the ults can be applied usefully

in pf&ctice to comnositions other than were examined in
the »resent work, but within sinilar linits of carbon,
nenconese, silicon, hydrogen and nitsrogen.

6.2,1 Prediction of Porous/Solid Borderlines in Praciice

It was chovm in seciicn b, vhen considering the

total gos vressures, ¥ 1? developed during solidification

Tota

ol stecols of worous/solid borderline commosition, that

Proicl (90,: solidified) provided a suitable criterion for
(" i

neaguring the tendency of blowvholes to form in an ingoto.



(i) ., . - approached or cxcceded one ctmesphere pressure
! "’l A A
L0ua . .
stare of solidification. (iletallorraphic examinotion

shoveld thot blovholes »repebly forn under atmoeospheric conditicons

when fervostotic pressurc is very lov.)

(ii) “zerc scemed to be clescst agreement between th cht'T
L WUl
curvesz Cor the veriocus porous/selid borderline convositions

int (11) arose frem the assumption that blovhole

~

nucloniicn, and hence the vorous/solid berderline, should
occur ot 2 ceriain oressurc or within a discreie pressure
renrc., Jn additicn, a vpariticular type of blowhole siructure
shceuid be produced by o given totel gas content in the steel.

“he criterion of P 1 (90:%; cuivalent {o the

“Tota
tern. CC’ veed by Ccimor and Hilles o describe the
‘anouvat of carbon monoxide produced ih stecels, and can be used
in ¢ similar way to predict renges of compositvion which
will he solid, gassy, or porous/solid borderlinc. Protal

(oC. ; should, however, be nore versatile than O, since it

Q

takcs into account, not only CO,; but also Hz‘and Nac

Jor the free cutting steels,Pn . g (9Qﬁ) for the various
porcue/solid berderline compositions fell within the range
1.2C 4o 1.45 atmosphercs, irresncctive of the carbon, hydrogen
and cilicon levels of the stecel (constant manganese and
nitrogen, Thus, this diseretc »ressure rance was’used tc nredicid
porous/solid bordcrlincs in steels of othcyr compositions
then those ox ned in the present work. 7This was done by
feeding a whole complex of compositions into the computer

and calculating P at 90% solidified for each composition.

Total



Jhen cnalysing the results it was convenient to clhioose particular
crben, hydrosen cnd nitrogen levels and consider variations

in nongzonese and silicoi, It was then possible to consitruct

poroslty charts'such s wvhose shovm in Tige 6. Values of

<o

P (907) were wloitied Tor ecch mongenese sond silic
Poio X

|.l
[..h
&)

then isobers dravn for the appropriat

o)

nOrrau/bolld borderline pressures. “Yhis gives corposition

i

ronces in which solid, gessy cor borderline ingots will Dbe
obteined. In Tig. 38, the Cﬂ"“bo sirowv the ceffect of increasing
the hvdrozen content of the steel fron li to 8 vpm at constant
cerpen (0.10) and nitrosen (0,00L::) levels. .5 the hydrogen
increoces nore silicon and manganese arc reculred to ensure
frecdon from porosity. It is also cevident that the width

of i.e norous/sclid borderline range increascs as the mangonese
contont decrea sco, and the hydrogsen content increases. In

fact ot hydrogen levels such as 6 ppn it would be very

diZiiculd to ensure freedom from porosity in 0.1! carbon FCS

no mutter how hipgh the silicon and mangenese.
L considering various pernutations off the. carbon,

]

hydro.en and aitrogen contents of the stcel.a whole series

o chcrts such as those shownkin fige. 38 can be constructed.
Jor the plaein carbon‘stecls it was Tound that »ractically

S — (90,2) s for the various sicels considered,

fell within the range C.9 to l.25 atmosvheres. These are

lover pressurcs than werc obiainced for the free cutting

stcels and again demonstrote the 'killing' effect of sulphur

chile the width of the range 0.9 1o 1.25 atmosphercs for



plein corben stecls 1s sinmiler to that obieined for {the free

cund that it could be sub-divided

into smuller discerete pressure ranges for particulor gtccelse

the Ce.l cnd 0.40, corbon stecls ithere scomed

te e ne cifeet of carpon cantent on the valuc of P 4
_ Total

(¢¢ ). However Pootal (9¢,.) increcsed ac the nitrocen

. Y]

ccinuciit, neechied o prozote pOPOSit“/VPCPe scd.  Hor low

P

nitrocen ($C.013/0.01L0 nitropgen) levels the range of T
- Total
(9C ) s 0.0 to 1.1 asimoecpheres irrcsnective of the hydrogen

conucitte Feor nitrcegen levels above 0,01 3/0.01l5. s the critical

preicure ronsre wWas lel 10 1l.25 atmosphercs. It may be

4
)

vificent that the low nitrogen levels also corresponded
to lou gilicon levelse It vwas shom in Table XIV that part
of'tnc cnclysed silicon ccould be tied up as silicates, and
therciore be inefféctive as a decxicant. Ilestly, the amount
of silicen combincd in this way was very smzll, but it is

shoun in scetion 2.2 of the fppendix that below sbout 0.037
silicon, small changes in the silicon actively aeo tidising,

cen lead to fairly large increases in P... Alloring for combincd

Co
silicon in this way could bring the pressurcs in thelow nitrogen-

«
\,
<

low gilicon steels more into line with the high nitrogen~high
gsilicen steels, vhere a small amount of combined silicon would
make 1little difference to the calculated pressurce.
Levever, allewing for such adjustmer in P, (90,.)
woule not account for the aiffercnces in pressurc observed
betueen high silicon-high hydrozen znd high silicon-=high

nluvwrcn steels shown in {ige. 33, Ixperimental crrors and

the wrong choice of data mipht account for these diifercncesy
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% this stose of the work, ne further aticunt hes been

nade o nediry the model to try and remove theszce slipght
oncicliese Insitcod, whcn cticupting to wredict vorcus/selid
corooziviong fo: olain carbun Sueels, dirTorent preesure ranges
Tov i, 4 (9C:) cre specified Tur Llow cnd high nidrogen steels.

Tor lov nitrocen shecls (€£0.013/C.Cll), & pressure range
Co¢ to 1.1 cimespheres is speciflied,vhile Tor high nitrogen

¢ specified,.

[

stocls (3 C.013/0.01L.), 1.1 to 1.25 atmospheres &
» oo

Toronity choerts verc crovn in cexactly vhe same way as Lor

and cixeomples arc given in fige 39

(6]

the Tree cutving cels
Tor Uel cnd CL.5. carbon and C.CUL and C.C16, nitrogen for o
conceent hydrogen level of 5.0 ppme Here it is secn whet the

e

connosition renges of poroug/solid borderline ingots incrcese

with increasing carbon znd nitrogen levels, and decreasing
Non ncscs Yhe resulis ere counarced with those of Leimer

anc Lillcs( 3) for olain carbon balanced steelse It is
cvident that, at low levels of hydrogen and nitrogen, agrcement
between the two sets of results is good. lHowvever,when larger

cucntitics of hydregen and nitrogen arve taken inidc accecunty -

=

n tho

9]

e of Scimar and,

the wresent. results differ markedly fron
Killes, vho did not alley for these two gases. Oeters ct
dic, later, sccount for hydrogen and nitrogen, but their model
for thiese gasco waé noy cxnloined in any deteil, and i+ 1is

dizziculd to obtain a direct compnarison vithh the results Lfrom

the vresent wvorls,

>

‘hile steps cun be taiecn,on the basis ol the present

recsulis,to control the gas contents of the steel in the lodles

tc cnsure {reedon from porosity, gas pick up during tceming
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55111 cause troubliec. Tor instance, gas picl-up noy

foom nmoist runnervare during uphill tceming, or fron

contingre contoining crecenzive enountsof hydrogen.

-

v

diged splash norticles cn $he mould well meoy lead to locslised

cencentrotions of oxyoen in the licuid steel, and ccuse a

the deonidants wrecsent in the steel

ioulicient te combine width thic cxilira onyvooh.
Smnlicaticn 0o Balanced Steel Producticn

Leuvianly to the nrcduction of balanced steels. Resulis

N - ¢y oo OO —~ P T T NP X e
e orescent evudy have zlso becn arnplied to this

Tlon.  In teying to predict comnositicns Tor balanced

s o slichily diffozent annroach was used to that

of cstnblishinz porous/solid borderlines,
however, have proved Lo be very similar.
ingois of the tyse shomm in fig. 19(b)
hlowhole structure viilch Jjust comnensctes for shrinksge

o

vy bo mreduce & £lat or convex ingot top surfaoce.

incots moy he recarded as "baleonced" and it wes decided

thig tyne of structure in an cexyperimentsl incod

vobly correspenced (o o properly ladle balenced ingot on
connce scale, (4 ladle balanced ingoet is regarded as

in which, as & result of correcct deoxideaticn in the

by siliccen ond mangoncce, the blovheles just

TENTe for shrinlzare 1o preoducc & Llat or convex town

vee). Ih docs not scem unrcasonable to make this

nopiscen, since cn belh secales, blovholes shovld oririnste

of a1l necr to 2 chill meould surfece vhere freezing



rates ond dendritic spacings will be very similar,

RS Value of P g (9C:) was colculeted for a large
nurhor of erperlmental plain carbon steel incots which
ed o bloviole siructure similor to thnt shovm in
fir, 12(b)s The resuites arnlicd moinly to $he lor nitrogen

crovn of steels (€0.013/0.01lS5 nitropen) and gove en average

value of 1.02 atmosnheres with a stendord deviction of 0.145

I
ct
=
=y

wospheres.  Strictly, Pn .. g (90;:) should hove been
calculoted for all the experimental ingote whether piped,
balznced or gassy, since it was obviocus from the exﬁeriments
thet, occasionally, incoits havinge undesirable sitructures
(i.c. mived or gaésy) could be obtained having values of
P, (905:) close to 1.02 atmospheres. In fhis way some
ideo o the proporticons of ingots which would not be balenced
vithin the syecified ranges couvld then be obtained. Horever,
the ericessive demands of this approach on the computer and
the urrency of works trials at the time necessitated a more
expedient apnroach. This was to assume thot, provided PTotal
(9¢, ) was within p one standard deviation of the mean

. ‘ + . .
(i.c. 1,02 = 0.145 atmospheres on low nitrogen steels), there

vrould be reasonable certainty of producing an accepiable

ladle balanced ingot.

01

reliminary pilov plant tricls on %% ton ingots indicated

~

thet this epproach wes rceasonable and a balanced ingcot obtained

Trc:. tinese trials is shown in fige. LO, topether with the

[¢]

teel cnalysis and caleulated Pyo.. g (20,.) . OSubsequently,
extenegive nlant trials on 15 ton ingots, at a plant within
the B3C lidland Group, have confirmed the validity of this

approach. IMig. 41 shows how a series of production casts



it i vith the theoretical wrzedicticonc.

shc.o tinc precicted compocivion renge Tor belanced steels of
C.2/C.25. carbon, C.C0L. nitroren and 5 ppm hydrogen (The

er et oL Carbdon Ol i .. (9C, ) has proved nezligible within
Toval )

the crccilication rense).  Chac wroduction casts fell within
1 mm JERE S S, . ~, — o " ~ ey 7 ~ S

the conmosition renge C.2/0.25,. carbon, 0.CC35/0.C0L5,

nitzo on end L.5/5.5 pom hydrogen, ceicent Tor the cast of

gaeny ingets shown av C.07%, sillicen; C.5l. monganesc. This

had on obove averapge hydrogen content of 6.2 »nm and was cutside

L% weuld ecpear, frem fig.e Ll, that the above avproach

hos -~ vovided & reascneble basis for estaplishing anslysis

per.os slight changces in composition range may be Tound

nccezoury es more produeticn dota is accumulatede

(33)

he results of Scimer ond NWilles cre elso included

in Tice Lle Here it is scen that by ignoring the hydrogen
end nisrogen in the steel, their approsch could lecad to gassy

incots belng proiuced. Theilr predictionsg should apply more

succeoziully to steelmaling practices in which both hydrogen

ond nitroesen ore very 1low (say 7 opm and C.00L! PGSpectively),

Tor instance_the LD practice. The mcdel is, however, much
lecen versatile than thie cnc used in the present work, which
sheulid be applicable to mest cleclma : practices.

o (L3shl)

epcrted on cifect of ingot size

Ceters cv
en uihe aegree ol deoxl deticn reouired to ladle baleonce steels
cf 1o, corboen centents The effect virtually disappecrced

shove CoX. carbon. The present work has indicated good

agrcenent, in terms of blowhole otructure, betueen small



“

Inhor Sory nelts end commercicl incots of un to 15 tons

3

It -honlid, hovever, be noted that nost of the nresent work
ham boen on plain ecarbon steels of grecter thon 0.1 carbon.
it cun bhe arsued thev ingoet sisze should hove
1itsic or no effect on vhwe Tovwoticn ¢f gub-curface Dlovholes,
since these are Tormed alnost instentencously when the liguid

e oo into contocet witih: viie nould suriece. In the Tivst few

-
Va
H
!

14
1.4
-y
o]
ct
3
D
6]
o)
-3
‘_,

¢ot skin developnent, tvhere can be lititle

diilcronce in the seolidification rate over o vide range of

the tyne Tound in ladle

bolonceda incots Torm in this resion, infoi size should nod

be o zinificont foctor in thelir fTorpntion.

T4 will be recaolled that the original basis for choocsing
)

was vertly on the assumption that & volue ol

et leoat one o necohere would be ncecssary to enable blovheles
to Torn. It hoc subscouently been dound thot Pﬁotqj (9O~)
cozld be below one atmosphere Tor o bealanced steel. It could
bé croved shaet blovholes con Sorm at less thon one atmosphere
vre-anre once the ingot ton hes frozen over cnd shrinkage

heo zeduced the vressure of the system.

6.2.5 DBRlovhole Nucleation and Growth

couation (18) gave the conditions for a stable gas

bubihic a licuid melt:-

3

g ) ) .
“rotel» Ta T Ty T A2 .. (10)

vhere 211 fthe cbove terms hove been delined previcusly in
sctltilun 2.5, xouinasion of blowvholces during bhe vresent work
inGicoted thet they formed very closce (within 0,06 mm) to

the ingot surface, and in ¢ very short tine alfter the liguid

metal had come into contact with the chill cast iron moulde.



ry

s

L4
2
0]
o
[
[
O
s
=3
1~
(@]
O
0
15
o
[N
ot
e
o}
]
i
[0}

1
1
C
L-L

—~

[N
°
[©)
o

Ce . . RN e — = Ty e
LCLCE e 1D DoSsWneG 0T
.

- . 4 % e o o RN - ~ = 1
o= 4 nsmesnherce, ot dhe Ui of blovhole nuelcotion and
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Ipessure curves in figs. 31-35 indicate that, in

neots of porous/solid borderline composition i.e. in which

[

the conditions for blowhole nuecleaticn and growth have just

b

]

¢n satisfied, values cof T , &re in the region ofi 1

Yota

atiosvhere, and that consequently the term 20 must be very
r

Slailile

it has been agsumed so Tar that sclute build=-up and the
occuy within disbrete interdiendritic spaces at the solid/
licuid interface. ™his being sos it has also been assuned
thit tﬁe spacing oi dendrites, betvwecn which the solutes are
concentrating, conirols the size of the initisl stablc blowhole
nuclcus. hile it has becen difficult to obtain an accurate
neccure of the very fine dendrite spacing at the ingot surface
the value is certéinly less than 0.C5 mm, which was aeasured
at obout 10 mm in fros the surface.

Lince a cap~type nuclevs is uniikely to Dbe obtained(l)s
the nuecleus is assumed to be ncar spherical with a radius of

to & the dendrite swyacing. As the liguid

cuxvature, r, equal
in itrc interdendritic space solidifies, dendrite arms ihicken

and ne meximum permissible value of r must correspondingly

decrcase. Hence, from equation (18), the pressurc to maintain

-

& bubble radius 0,025 mm in the solute rich licuid is O.b



atmospheres. (This assumes that o, the surface tension of

the Llicguid has been reauceu t0 500 dynes/cn by the combined

celilccts of enriched solute elements, sulphur in particular,

L. 1z
SPosent in steol( 7)) The situation is reonresented

schenatically in fig. 42 in which the increase in (1 +

-

20
=)

atuaosnheres is compared with Pwo+"1 during solidification.

It is obvious that P .
. “otal

to nucleate a blevhole under the sel of assumptions made

recarding solute enrichment and bilowhole nucles tlon made

earlier,.
#rom fisre 30 it is obvious that blovheles can res

aisnetwers greatly in excess of the dendrite spacincs

abcuas Ue.l mm of the our?uce. This sugresis a situation soon

afier iniltial blonnoic growith, rcprcesented schematically in

ifs 50, in which solutc enrichment between a number

ac

within

den

never reaches sufficient dimensions

dri

has cowmbined to produce the blovhele. The radius of curveture

of wure Dlovhole within & few mm of the surfsce shovwn in
. e . . . s - 20
fire 2U(b) is estimated to be 1 mm giving a value of =

L , - . . . -
oi == atmospherc. For the bplovhole showm in fig. 50(=)

SRR W

20 1 - e .

T =70 atmospherc.s These results indicate that the values

of Tntel obtained from the vpresent vork and substituted in
BALES VRS

the cxvression 18(a) are realistic in provortione and ca

e uged 1o explain fthe occurrence of si tzble blowholes within

a cnoert distoance from the surfaoce. The results do not

hovever account for nucleation end the initial wmeriod of

grossh vrier to thet shown in Cigs. 30 and 36 vhen bhubble

3

6.1.2, for high solute concentrations to be achieved

at

solid/licuid interface or between dendrite arms, mixing

adii rmust be very small., For reasons mentioned in section

the

in

te

2



the licuid must be diffusion contrelled and "terminal
troncicnt” conditions must exist. IHovwever, it may be nccessary

to consilder the presence of nre-existing bubble nuclei such

[e1)

5
as snoese sugresited by Camnbcll(“7)e Tt will e recalled from

section 2.5 that Camvbell susgested thaet cxogencous inclusions

present in the steel mipht ceontain air pockets cavable of
providing stable nuclei to which pog stoms could dlffuse to

proivee blevhocles,

o

“here is cbviously much scone for studying factors leading

v/

tc Dihble nueleation and nrelininsry work has been carried

o)

out mn o Stercoscan Instrument at Swinden Loaboraitories. This
incirument »robebly orovides the best means available at
present for exanining blowholes in detail.

fhere,aré & number of Factors which can alfect the ~rorth
anue shape of a Dblovhole in ingots:-

(2) raite of advance ol the solid/licuid interface

(b) cquantity of cas being suvniied pver unit time %o

the blovhole
(¢) 1liguid flow ahead to the solid/licuid interfoce

(d) external pressure being anplied 1o the blovhole
(i.e. atmospheric + ferrostatic)
In the present set of experiments the solidification

raics in the small chill cast ingois vere very much the sanme

in «11 cases, and though for ¢ particolar inget the sclicdification

rave vill obviously decrcase Irom suriace to centre, variation
betcen ingots can be discounted. e experinental ingoie
were ofb nmaximam 15 in. high, ond Lferrostatic pressure effects
have been neglceceted. The effecis of the remaining varicbles
on bicrhole shape and distribution in the experimental ingois

will be censidered.



Voriocus modes of blowhole growth were obtained vithin
the zeries of exverimental incote examined, with a trend
frro the aclicular type of blorhole to a more bulbous tyne

1 ok
. 4 ki

o carben centent of the stsel incressced. The effect is

atir»ibuted to the hircher inisial total gas rregsur

e
P, . 49 (i.e. at nil & solidified, sec Tirs. 31-35) in the

hiyﬁ@r carbon steels, which requircs less driving force fron
solute cnrichment, and hence gas pressure build up during
solic.iL cation, to cause the critical nressure ror bubble
foroction to be exceeded. It will De notod in fig. 31 that
one oimosphere nressure tends to be excceded at an earlier
stac of solidirication process in the 0.48): carbon sitecls
thair in the lower carbon stcels; Thus for a given
soliailication rute and stage of interdendritic solidificotion
buirble growth should progress furtner for {the higher carbon
stcels.  lence the more bulbous grovth.

rhe above development in blorhole sitructure avnlies

to the stare reached in fig. 16(c), deseribed by Hultgren

and “hrocomen o« Therc arec other factors to be examined
when ceonsidering: subsequent grovth. The prizory

solicirication phase in the higher corbon steels is ¥

vhilec in lower carbon steels it is . Reference 4o the
disvribution coeflicients of the various solute clements between
liccdid iron and solid o and ¥ showve {thztv there is more

sclutc rejection Trom oo Thus it is reasonoble to.assume that,
once biowheles hove formed in the low carbon stecls solididying
to &, the rate of gos supply to blovhceles should be faster

then in the steels solidifying to Y, glven the same amounts

of wotenvial gas forning elements. lience a fairly ranid rate



of blowhole grovwih followed by bubble detachment should

lecd o the conditions described in fige. 16 d2 to g2 in sieels

sclilifing t0 &6 This is in Tact demonstrated by figs. 27

and 29(c) and (b) from the present worl which s how worimhole

tyoe Dlovholese L gloser rate of blovhele growih and less
severe bubble detachment wrocess in steecls scolidifying to ¥
y i

rezu’hs in the condition described i 1€ dl, el and

)
o

I

gl 0 denenctrated by blowholes in fig. 28 and 29(c)-(e).

T oie snvicipated thaet clements such ag sulvhur should

elceth blovhole crowith In some way since they have becn shown

{n

to ~ITect the Tlow of ras atoms eseross pes/licuid interiaces.
In iz case of sulohur which slovs down nitrogen transier,

t 0.3 %1) above whicn it
cecrs He heve no Turther effect. SGulohur concenirates o
eproerinctely 20x its oricinel amount during solidification

(67)

(the cistribution coefficient, I, of sulphur is reputedly

C.C%) ond, preswicbly, surrcunds the surfoce. of the blowhole.
ieree it is unlilkely that inecreasing the initial concenitrations

of culishur oboeve abeut 0.015. will have much eifect on ithe

cfer of gas atoms (o blovholes during seolidificetione.

In soet inereasing sulphur ves not found $o have a noticeble
efvocet on blovhole sizé and shspe 1n the exverinental
SRTTETER I

Che diffusion rote of nitropen atons in liguld steeld isy
ag onticoned earlicr, reputedly 1=2 orders of marnitude

o -
0=00 - . .. N
(5 ). Yhus it might be

sloocr than that of hydrogen
anticinoted that bPlovhele grovth would exhibit different
fertures in high nitrogen steels to those in high hydrcegen

stoclse There is also the possiblity however, in critical



cooes. that the Y-forming oproperties of nitrosen may afféct
the sclidifying phases and in this way change blovhele
chinrrcieristics. ‘'hese affécts have nov been avparent in
prociices althourh hicher worous/solid berderline pressures

wvere obscerved in the hicher nitroren siteels as menticned

cnce the exwperimental ingot top solidifies: then a back
preocure sets up end blovhole growiu is curteiled., This is

denonstrated in fig. 29(c)-(e). The same situation would

‘r.'i

roveoly not arise on tonnege ingots since,on this sca

fervrontriic pressurc wends to influence blowvhole grovth
berore the incot top solidifies. ''ne efiect of ferrostatic
prozsure is 1o curtail blowvnole growt< and will be grecoter
in whe lower resions of the ingots. Thercefore cn inercas
in sne length o blovholes is obtainced from tne hottom

to the top of the ingot. 'his efTect ic well Xnowm in

LBrociice.



Te SUMIIARY AWD CONCLUSIONS
| Modifications have beén made to.a model, devised by
Turkdogén(u6>, which, by computatioﬁ of suitable thermodynanmic
and segregation data, permits the calcﬁlation of gés partial
preosureo (PCO’ PH2 and PNé) within an interdendritic volume
of‘completely mixed liouid steel during solidification. In
ordér that the model could be applied to a wider rangé of
‘composiﬂions than ﬁad been considered in the original work,
the following'factors were taken into account: |
(1) Interaction effects between solute elements.
(11) Changes in primary phase from 6=to ¥ =ivon durlng
solldificatlon, as the interdendrltic liquid becomes
- more impure. |
- (141) Changes’iﬁ liquidus temperaﬁure'(and hence the
temperature at which‘fhermodyﬂamic reactions
were assumed to occur)'during the golidification
processs | . | .
It has been shown that these factors can have a large
efféot on'the computed gas.pressurés; particuiarly in the
higher carbon steels considered (0.2 and 0-5m). The effect
on pressure is less pronounced when the modifications are
applied to lower carbon levels (O,1m), similar to those
originally considered. |
The;modified model has been used to compute ges pressures
in plain‘carbon and resulphuriséd steels, all of porous/solid
borderline composition, (i.e. composition at which blowholes

first appear in the steels), but.containing various amounts

- of the gas forming elements, oarbon, oxXygen, hydrogen and nitrogen



which were specifically varied. Thé porosity borderlines |
were'established experimentally and deoxidaﬁion was carried
out with manganese and silicon.

The varying contributioﬁs made by PCO’ PH2 and PN2 to
the total gas pressure, PTotal’ both in partially and heavily
deoxidiséd steels of poroua/solid'borderiine compbéition, have
beeﬁ demonstrated. In particular the detrimental effects of
high hydrogen‘and/or nitrogen contents on ingot soundness; cven
~in heavily deoxidised steels, have been highlighted,

Examination of the computed values of PTotal in the
experimental porous/so0lid borderline steels indicated that
suitable criteria for predicting borderline compositions, in
a wide range of carbon steels,lcould be obtained by considering
discrete PTotal ranges near the end of the solidification
process in the interdendritic volume of liquid. (90% solidified
was chosen as being most sultable). Lxemples of predicted |
cdmpositions have been}given.

The resulls have been applied {to the problem of ladle
 balance steel production, Predicted compositions from the
theoretical and experimental workvhave been shown to apply
extremely well in.steelplant practice to ingots of up to.15 ton.

The'predictions‘have been compared with those from other
workérs, who employed different‘solidification nodels, centred
around theories deaiing mainly with the CO reactione Extremely
good.agreement was obtained when comparing their results with
the prediétions obtained, from the present work, for low
hydrogen (~3 ppm) and nitrogen (.~0.004%) steels. However
when larger amounts of these £wo gases vere present in the steei,

predictions differed markedly. The model used in the present



vork is therefore considered hore versatile than the other
models.

in attempt has been made to apply the model to the
phenomenon of nucleation of sub-surface blowholes and their
subsequent growth characteristics. _Ithwould appear that
the gas pressures developed, as a result of solute enrichment _
during solidification, are alone, insufficient to nucleate
blowholes at the solid/liquid interface. Alternative means
of nucleation are considered. The calculated préssureé do,
however, appear to satisfactorily explain the radius of‘bléwholes
a short distance (.imm) away from the ingot surface. Also
growth characteristics of blowholes in éteels of ranging
carbon content are accounted for.

Limitetions to the theory, remalning in spite of the
modifications, have been discussed. In particular those
relating to assumptions of equilibrium, the solidification

model cmployed, and the cholce of data have been detailed.
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Approximate gxdfogen Contents in Liquid Steel expected
to_produce porosity and wildness in fully killed

Basiec Arc Steel (After Barracloggh12}

Hydrogen content, ml/100g
Type of Steel

Sound Ingots | Porous Ingots | Wild Ingots

Carbon stcel Up to 6.5 605 = 805 over 805

Low~alloy steel Up t0 7.0 T7¢0 = 9,0 over 9,0

Chroniun stainless | Up to 10,0 100 = 12,0 Over 12,0

Austenitic steel Up to 12.0 12,0 = 14,0 Oover 14,0




TABLE IT

Nitrogen Contents of Commerciasl Low=Alloy Steels

Steelmaking Practice N, content % &
Basic Opecn Hearth C. 005 = 0,007
Ajax Oe OO
Easic 8ide Blown Converter 0,003 = 0,006
Basic Bessemer Air Blown Co 011 = 0,016
Dasic Bessemer Dnriched Air 0e G063 = 06007
Dasic Dessemer Oy + Hy0 0e 0035 = 0,005
Bagsic Bcssemero2 + 002 0.0035
Basic Electric 0. 007
L.D. Oe 00BH 5
CoLeP. (Oxygen linme powder) 0. 0015
Lcid Open Hearth 0,005 = 0,006
Acid Bessemer | 0,01 = 0,02
feid Side Blown ‘0.005 - 0.0C9
Acid Electric 0008 = 0,C10

“ Results compiled by Gi1ll (reference26) unless
indicated otherwise,

## Results obtained during works trials by the
present author (27)

min Tvidence obtained by the present author,
suggests this value should be nearer
0. 003/0, 00LS%



TABLE TIT

IIvdrogen Contents of Commercial Lov=Alloy

Steels
Steeluaking Average
H, at tap

Practice 2 opn
Basic Open Hearth Be 0%
Ajax ' ' Ly, 8%t
Acid Open Hearth 3e 5%
Basic Llectric i, O
Aclid Tleciric 20 0%
Basic Bessemer 6o 5%
Acid Bessemer 3o G

2 Information compiled by Gill (referencez6)

#i: Results obtained Lfrom works trials during
the present investigation (27)



‘Table IV

Interaction coefficients eg at 1600°C

. W s - X Selected
Solutes X Rel,. e gaigec
67 +0 410
68 +06120
- Carbon :
' s 69, 70 +0.22 +04,22
71, 72 +Ce23
13 ~C.10
Oxygen 75 -0.31 -0.31
‘ 69 -0031'{"
71 »"'0036
75 -0.,002
lianganese ~-0,012
69 ~-0,012
' 76 +0.055
S5ilicon +0,07
75 +0.,088




X

Interaction Cogflicients, 52 at 1600°C
Solute, X | Ref. o) Soyeoted
17 C to ~0.05
Cxypen , -0.20
. 78 ~0.2C '
73 -0.13
7 -0.32
79 -0.40
Carbon 75 -0, 41 S oPyini
a0 =0 lily
69 -0, 46
70 -0.49
75, 81 0 - )
langanese 82 ';8:888 o | f6,621
L 69 -0.021
75 -0,02
76 -0,087
Gilicon 83 -0.137 -0.16
8l -0,16
81 ~0.,87




Table VI

Interaction Coefficients,reﬁ, at 1600°C

. - ‘ X | Selected

1 +0.04L5

86 | +0.050 -

Carbon
&7 +0,.060
38 +C.O72
87 | ~0.001lL

langanese | 77 | ~0.020 ~0.0C1l
86 +6.oq7 o
88 +0,022

Silicon 89 | +0.027 +0.027

86 +00038




Teble VIT

Interaction Coefficients, cg, at 16C0°C

solute, X Refo e§ S&iﬁfﬁid
90 +0,103
91 +0,125
Carbon 52 | +0.130 | +0.130
| 935 9 | +0.135
‘05 +04250
17 -0
96 -0.013

liangenese ‘ -0.025
97 =0,023
98 -0,025
99 =(0.C%Y
100 - | +0.03%2

; 95 +0.047

Gilicon +0.047
aly +0.046 ’

91 - +0.065




Table VIII

Distribution Coeifficients of Carbon,

Vanganese and Silicon between Liguid and

Solid iron
5013te, Lef. k? selected rer. | Y Selected
X X I 6 X I:Y,
103 - 0.06
755 9 0,13 67 | 0,36 |  0.36
Carbon 146,5%,1CL 0.20 0,20
105(106;107) 0e25
108 0.29
105(106,107)| 0.15 104 | G.86
L6 0.68 | ~ 0.68 67 | 0.95| C.95
Urngarese 103 01»73 '
75, © o.BQ
3% o.éo
L6 0,60 0460 67 | 0650 0.50
103 0.6l |
Silicon 755 9 O.éé
105(106,107)| ©.7C
32 0,83

( ) numbers insidec

original refercnces mentioned by
snother author vho is given the
reference nuinber preceding the bracket

the braclets refer 1o




Table IX

Distribution Cocfficients of Hvdrogen,

Hitromen and Cxvren between Liaguid and

Solid iron

Cxyoen L3(113,114)| 0.05L| 0.054
105(106,107)| 0.10
L40(115,116)| 0.184

| 117 0.18/

Solute, nef Pé sSelected hef "t sclected
;\: i . ‘ xx ,f) LCL e . x}: Y
k- X
oY P
16(108 0.27| 0©.27 Oe37
Hydrogen , :
67 032 67 C.L45 O.Li5
67 Ce28 55(95,110) |0.L2
digrogen| 55(95,110) 0.29 67 0.5L Oebl
16(95,111) 0.38| 0.38
L6 ; ~ 0
67, 108 0.02| 67 0.02 002
112 0.03 -

0.29 |

{ ) numbers inside the brackets refer to
original references mentioned by
another author who is given the
reference nunber precedaing the bracket




Table X

RANGE OF EXPERIMENTAL STEELS STUDIED

~ (Composition in wt.% unless otherwise specified)

to .022

Steel Type C S P Si N2 'Hé
Free cutting | .04/ .23/ | .04/ | Varied | .007/ |Varied
steel .06 « 30 .06 | nil to |.009 |up to

: and. W30 | |12 m1/
.09/ 100 g.
<1

Low carbon |.09/ | .02/1.03 | Varied|Varied
steel 11 .03 | Max - 007 |up to - -
0 .024110 nl/
100 g.
Low carbon 018/ o 1 1 007/ "
steel 22 : : -009
| Rail Steel | .45/ w | -n | Varied |Varied|3/4 ml/
<55 205 to |.006 |100 g.
050 . ’




TABLE XI

Average Composition of Alloys used in steelmaking

Alloy C|Mn | 81 S P | N, |Others Fe

Swedish Iron .013| .01} .01].01%]|.002].005 N . |Remainder
| Warner Iron |%4.0 | .2 | .15[.02 |.02 | W N "

Low-carbon o

Ferromangenese| .06 [90.0(1.0 |.02 |.08 | N N "

High-carbon '

Ferromanganese| 6.8 | 78.0/0.5 |.03% |.2 N N "

. - | Up o
Ferrosilicon | N N |75.00 N | N N |2 AL "
Nitrogen- o _ ~
Menganese N [95.0] NO| N | N i) N N

N - Small smounts, not quoted.




poUTWIee( 40N = °@°N

4L0° o/ ¢oLo° 6°¢ G4 L6 ez
¢L0" #°9 6oLo* 9°g #°/ 2°Q GL°
zLo° 8°¢G 1.0 0°¢. ¢4 69 oL
oLo° 26 2L0° Gy 2l 479 80°
"q°N Gy 600° 6°¢ 0°/ 6°L
*q°N 9°¢ 400° w°¢ 9°9 ¢/
N.Z“ m.\g AﬁwﬁHv N.Z mm Ammm”v 4 Aﬁﬂv Aﬁwﬂv
°m wdd ¢¢ | ©m %00° | wdd ¢-¢ | % ¢goo” | °n #eoo*| S 9g00°
0 %k oAl 0 %oL* 0 oL " 0 %oL* 0 9%60°

STe93g uoqdIe) UTeTd

§To938 JUT4aN) 93T .

(S50UeBUB %2 L/0 L) S400Ul 19995 [EJUoULIodX] UL SOULTIoDION DLL0S/5N0I0g

IIX ITIVEL




TABLE XTIT

Silicon-Oxygen Relationships in Experimental
Steels Containing 0.,1% Carbon and 1,0% Manganese

51 range Average Oxygen Content wte$
whe o
Low-sulphur steel | Free cutting steel
(002 - 003%8) . (002 - 003508)
NIL/e 05 0 026 <016
10/ 20 « 016 « 012 '
«20/+ 30 <01l <011




TABLT XTIV

Effect of Cleanness on Total Oxygen Content of

Experimenial Steels Containing 0.1 and 0e2%

Carbon, 1.0% langanese

6.7 0 No., of oxides . P
e o Whe 5 in size range:= [Total |wted Si |[wWte$ O
giSt‘ Wg;” (vacuu% Area %|in gxide in oxife
. fusion) oxide: | (calec. )%|(calc. )*
>10;,L LL-']O;;L (Ll.p,
7976 2024 | 5| 70 | 422 |.09h | ~OO9L | 0160 .
7962 « 05 20272 | 18 | 167 | L27 | «193 | 0193 « 0330
7983 0204 | 42 | 78 | 531 | .216 | 0216 0370
7541 0133 11128 (244l | 4266 | 0266 «0L155
7752 . 0155 6| 20 | 588 |.069 | 0069 .0115
7753 09 0215 | 15| 63 |1042 | <169 | 0169 « 0290
7960 [) *¥°/.10| 0218 11115 | 849 | «150 | 0149 | 0255
7967 « 0261 7| 87 | 346 | «108 | +0108 | 40185
7853 «0L02 | 35 | 385 (2559 |52k | «0524 | «0900
7685 e 0111 O 143 | 759 | 075 | «O074 « 0120
7691 12 . 0145 0| 52 | 619 | .,082 | 0082 0137
7693 |) °'“/e13 | 0166 71 46 | 759 | «115 | 0115 + 0197
7751 |, <0195 | 21 | 57 | 611 | +135 | .0135 » 0230
7665 : 20109 2| 18 | 349 | «055 | «0055 « 0095
7858 |) . o1kt 0125 | 14| 17 | 434 | 4080 | 0080 0135
7958 0145 | 2| 24 | 347 | 4073 | 40073 | 40120
7539 ) o127 | 3| 25 |38y |.0515] L0052 | .0085
7666 18 20138 51| 32 | 294 | +O547| «0055 « 0090
78601) ° ' “/e22 | 4O1ThL 71 27 | 529 | 0874 .0088 0150
7792 1) .0204 | 2% | 31 | 382 | +09L49| .0095 . 0165

Assuming silicates of composition MnOOSiO2
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TABLE XVI

Relative Contributions oI POO’ 2H2 and PNZ to

0% Solidified) in steels of porous/solid

gTotal €

composition (pressurcs in atmospheres)

(2) 0.05% carbon free cutting steel (1.0% manganese,
" Qe 00&: nlurogenz

Composition PCO PN2 PHZ | PTotal
00355813  7e3 ppm , 036 15 73 1o 2l
005%513 709 bpn H2 029 015. 086 1.30 .
+10/81; 85 ppm H, 023 015 1401 1639
e25;051; 971 ppm I, 016 016 Te11 143

(b) 0e10% carbon freec cuttine steel (1.0 mangqgese,
0. 0087 nitrogen) -

Composition PCO 7N2 : PHZ PTotal
OOQNS"' 6.6‘ppm H2 «59 517 .65 1.&1
0 059:Si; 7.0 ppm H, | L9 17 73 1429
0 10/81; 7.3 ppm Hy 38 17 081 1036
025%81; 705 bpn H2 27 18 089 1.3u




TABLE XVI Contd.

(e) 0.10% corbon stecls (1,07 manganese. 0. 0087 nitropgen)

Composition PCO PN2 PH2 PTotal
«03i1; 3ol ppm H, e59 7 17 0093
«055:8i; 3¢9 ppm H, 49 17 | 23 0689
010;:81; 5.0 ppm H, 038 o 17 | 38 0. 93
0255581; 5.9 ppm H, 027 «18 o555 1000

(é) 00105 carbon steels (1.0% manganese, 3.5 _ppm hydrogen)

Composition PCO PNZ PH2 PTotal
« 037815 1+ 0077 W, 59 13 | 17 0. 90
0 050813 .009;3N2 L9 21 | &17 0087
010/33:'!.3 001)—}(/—: 1\72 038 052 . 18 1008

025;:5.".; ¢O165§; N2 027 073 018 1418




TABLE XVI Contd.

(e) 0,20% carbon steels (1.0% mangancse, 0.008% nitrogen)

Composition PCO PN2 PH2 PTotal
003%81; 306 ppm H2 084 917 017 1.18
0o 05751 ULe5 ppm H, o] 0«18 027 1615
01073513 6.8 ppm H, o 5kt 18 ol5 1417
025}381; 706 »pm H2 938 020 o 81 1639

(£) 0487 carbon stcels (1,27 mangsnese, %5 ppm hvdrogen)

Composition Pao Pﬁé PH2 Pthal
0085515 o010 I, 059 .28 :13 1,00
0107.;81; 00'3270‘ NZ 0514 .L}-O .'33 1.07
o25ﬁSi; 00155 N2 o i2 060 012 1014
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APPENDIX

Aol Basis of Computer Programme

felel oolute cnrlchment Fouations

Comblnlng equations (4) and (8) and Tables VIII
and IX the expressions for calculating solute enrichment

in the liquid Cp» during solidification are as follows:-

‘Solidificaticn to b Solidification to Y
Carbon  Cp = Co oo (A1) Cy, = Co oo (42)
1-0088 . ) l"O.gL(-g
o oL oy
Oxygen C, = 0 ee (A3) ©C; = 0 oe (AL)
L 730,946z L~ 175.988 .
Hydrogen CL CO | oo (A5) CL = CO | e (‘A6)
, v 1-0 3¢ 1-0.55¢
Ni‘trog»gen CL= CO | oo (A?) CL = CO oo (JTXB)..
o 1-0'323 1-001—}»€g
nese 0. = O i (49) G = —9 = .. (410)
Hanganese C,. = - es (4O C, = ee (410
0 2 L 0,0
T a- g) 3 (1-g)°°°°
| ———-—h—‘ 0 . (a12) Yo .. (a12)
Silicon C,. = ee (All C,. = ee (A12
RS ——— O. L]
B C T ) Rt C T B
where CO = initial uniform concentration.
g = fraction of system solidified{

Solidification is assuned to occur’in 5% incremental
stages. At each stage of the solidificatiorn, say é% the
_concentration of solute is obtained from the concentration

&t the previous stage, (gl ~ 0.05), say fe Hence if

1

CL is the concentratioh of solute in the liguid at;



gl and CL the concentration at gy CLl is given by:=-
1-(1-k g _
CLl = CL '—"-'——g—'l X ) .e L) ) (-1\13)
1—(l—ko)g J o

for carbon, oxygen, hydrogen and nitrogen and by:-

1

1 LX) e ce ) v (Alh-)

= Cp, (1—g%1“ko
| (1'8 >lka_J

C

for silicon and manganese.

The values of>k -are nrogrammed to cnange from h6
to k¥ (uhb equlllbrlum distrlbution coefficients of the
verious elemento between llquld iron and 5- and Y-lron
respectively) when the carbon concentration in the

interdendrite llould eycceds Oe5h0 -

“ol 2 JGUlllelum Deorldatlon Data

Incluaing ins eractlon effects, the equlllbrlum
constent for the reaction, C +-0 = C0(g)s sec equation

19, becomes

| Poo - <y
K. = X e LX) L) (AlD)
CO ™ [f5e WG] [Toewt ./00 J |

vhere £, and fo.are calculated from:

I

1oglo fc ' eg [wt .%C] + eg [wt .%O] + elén [wt .,ahr;'

s 7
s St frtged L. .. .. (416)

oL, il B -
logyy £, = g WG + ete. ce  se  ee oo (417)
Cc _ L Jin . .81 _ . 0 _ -
(GC‘“ + 04225 e5 = = 0.012; e,” =+ 0.07; e = 0.3;
C_ Ay, Moo . 81 . .0 _ _
eo = -‘Ooul, GO = - 00021, eo = 0016, eo = 0020)

It is assumed that the temperature dependence of

X remains uvnaltered vhen interaction effects are



considere@ end KCO

_ 1168 )
_ 10&10KCO = '_"“"T + 2407 ) .o o0 oo (1:.18)

vhich appeared in the original method. T is in degrees

nmay be obtained from the expression:

absolute ahd‘ﬁhe‘expression is valid only up to 1.0%
carbon; ;

For combined deoxidation with mangahese and silicon,
Turkdogan considered the following reaction:

8i + 2un0(s) = 2Mm + 8i0,(5) .. .. .. (419)

The equilibrium constant for this reaction is:

2
_ foma » »
0102 o ce o0 oo ..,(AQO)

ip-si =
Bﬁsﬁ(aﬁno)z

where Ky a4 is given by:

loglOK“mn_Si = .5_]_-9 + 1077 e e s e ) (-AZ:L)
- T
Turkdogan derived eguation 421 from other published

actay and & 8FC activities of oxides in the

8?8102 kel

nolten deoxidation. product Mn0.8102 with respect to
the solid oxides. langanese and silicon concentrations
are in weight percent.

Fig. (Al) shows the activity of ¥nO in various

L’;nO.SiO2 melts, given in a log=log plot. The plot of

log a vs. Jog aSi02/(a ‘)2 is considered to

& 8ynp VBe 0B 1In0 nsldere

approxinate to a straipht line, for the present purnoses,
ond is expressed as:

%510, |°3 coeneees (a22)

Bmo = Py




vhere by = = 0.2915 and b = exp.(2.7309 = 0,001919T),
In order to calculate the dissolved oxygen in
equilibrium with ﬁanganesé and silicon, Turkdogan
considered a further reaction involving FeO and MnO.
For liguid metal and solid linO.Fe0 phasey the binary
oxide solution can be taken as ideal and it is possible

to obtain the following expression:

Ky o= .m0 (for solid oxide) .. .. (423)

Slin %0 .

vhere logloKuﬁ-o = 1T9 0 . 6,68 .. . .. .o (22L)

,EqﬁationvAZB is true only for IeO-inO mixtures. However
“im=0
or silicate comtaining, ¥nO, providing 8410 (with respect

is applicabie to any other solid or liquid oxide

to solid NnO) is used instead of N, . in cquation 421,
8,00 is the.activity of ¥n0O in the oxide or silicate
systenm considerede

The seguence of steps involved in calculating the

dissolved oxygen is as follows:

i) Ccompute #3i0,./(a 2 fop Inow

( ) put 3 2/(aMnO) for known manganese
- and silicon concentrations, see equations
A20 end A21,

- (ii) Obtain a, . from eguation A22,

#nO

(ii1) Insert a in place of Il in equation

1in0 nO
A23 to0 obtain the oxygen concentration
- (having first evaluated A2l)
Having carried out the‘above procedure, and

knowing'the caﬁbon7cdntent of the liquid Steel§'PCO



can be calculated from equations Al5 to Al8.

The reaétions whiCh occur during solidification
while the solute concentrations in the liguid are
changing must now be cexamined.

A.le.3 Deoxidation by lianganese and Silicon During
Solidification

Consistent with Turkdogan, it is essumed that
heterogeneous nucleation of an oxide phase at the
solid/licquid interface can %ake place with negligible
supersaturation, '

Consider, at a perticular stage of solidification,
gl, that the liquid phase contains C% percent oxygen,
rercent silicon, and C1

lin
equilibrium with 1n0.510,. On further solidification

Cl

o1 percent mangancse, in

at gll, concentrations of solutes, calculated from
equations A13 end ALk will be Ggt, Cip and Ci
ggspectively. Since the new concentrations are above
thoée Tor lin=Si=0 eguilibrium, reaciion will take

place producing more MnO.SiOZ. The mass balance of

solutes is given by:-

(cgh - cg) = 58,09 (C57 = Cgy) + “E"§E (Ojg = Oyg) =+ (425)

where Co, CSi and CMn represent the ecquilibrium
concentrations after deoxidation at gll. If the

composition of silicate formed is given by’Lmn JolOz’

stoichiometiric requirements give:

N
(CHL - o) = kel DO (o1 ) L0 L L. (a26)

] - ) - ¢ I
in ™ un’ 28,09 * Wgyo



1 g 3 SI i ~ e £ ) ~ T T . .
The relationship between a,  and Lmno/h8102

is given in fig. £1(b). The lines are assumed o

be straight and given by:-

= bl * b2 * aT-InO oo ' oo o oe (16&27)

where by = 05 and b2 = «=l43165 + 0.,003716T,

Cog CSi and Cﬁn are obtained by solving the

six simulteneous equations 420, A22, AR3, A25-27.

‘or this a method of successive avproximastions is

23]

=

usede. PCO is now calculable at g— at the temperature
concerned, the concentratién of carbcn having been
obtained from equation Al3. The above process is then
reveated for each increment of the solidification
NP OCESS e

The above method deviates slightly from
turkdogan's. First of all at high manganese 1evéls he

ignored slight changes in manganese content due to

1.1.2,0

o Hn)‘ These changes were
dia i

reaction (i.e. C
accounted,for in {the present method. Sécondly, in
vlotting the change in oxygen content in the inter-
dendrite licuid during freezing, Turkdogan assuned
verious oxygen contents at nil percent solidified,
lrrespective of the initial nangenese asnd silicen
concentratioﬁs. He then derived an expression showing
the critical stage of solidification for the

cnset of deoxidation reactions.  His curves, therefore,
showed an initial oxygen enrichment with no

deoxidation taking place, followed by & residual



oxygen determined by the nangancese and silicone
In the'present methed, it is assumed that the
residual oxygen content is determined by manganese

and si 11con throughout the wholc range of solidifica-
tione. It is felt that this is more cppropriate to

2ir melting since the-initial regidual oxygeﬁ content
of the steel prior to solidification will be deﬁermined
by the initial concentration of deoxidants in the
gteel. |

i.l.k Hydrogen and Nitrogen Partial Pressures

Including interaction effecis, the equilibrium
ccenstants for dissolution of hydrogen and nitrogen

in ligquid steel beconme:

Ky = g« [oonit] N € -1:))
(P ) |
12 ‘
and
I{;il - f L [\‘f?o/vl\] ‘f . .. . .. (!\.29)
(P-, )‘_ o
No

p In PR Si 7 s ) L~
"~ where log T el fwt.%c] + e, Eﬁt.%Mn] + ent lwtl.isii (430)
H H &« H A J 7 i 5

lngN = Gg. [}'f’b.%C] + etc, o e X (."131)
The temperature dependence of KH and KN is as
follows:

10&10%”1 = -1‘16—‘!22 ‘§‘ 2.316 o e o’ o0° LR J (—\-32)

log K:N = -188.1 + 1.2)46 voe s 0 s X (}\53)
T , ;



The calculation of . and I_ is feirly
straightforward, Folliowing the calculation of the
hydrogen and nitrogen concentrations,using equatian
413 at a varticuler stage of solidification, and
knowing the carbon,mengancese and silicon concentrations
at the same stzge of solidification, (see earlier),
the gas pressures are obtained from equations £28«33,.

Heleh Effect of Varving the Liguidus Temperature

Before any of the reactions can be evaluated,v

the equilibrium constants must be calculsted for
the temperature, 7, in questione. The liquidus
temperature is assumed to be determined solely by
tlhie carbon content of the steels The licuildus
curves in the iron-carbon phase diagram scc fig. 17)
are assumed linear and it is possible to express the
liguidus témperature as follbws:

(i) Solidification o g=-iron (< 0.57% carbon)

T°K = 1810 =~ AT I0) ee ee e ee (A3L)
agc) ¢ | |

where AT = change in temperature.

o>

(%C) = change in carbon content to produce AT.

Hence T°K = 1610 - (1810-1772). (5ic)
O [ 52"‘0

Jo T°K = 1810 - 73(iC) ce e .o oo (A35)
(ii) For solidification to Y-iron (> 0.5/ carbon)

T°K = 1772 = §1212-1g25) o (5C=0452)
Le27=0452) .

... TOI{ = 1819 -‘ 91.5(91;0) () e ce oo (JAL36)



The computer programme may be operated in two

Vs

£

-
(a) T is determined by the initial carbon content
nnd rcmains constent throughout solidification.

(b) T chenges throughout solidificasion as carbon
“varies. Should the carbon content exceed'o.ﬂﬂ)then
equation A35 is replaced by A36. Though this part..
of the programme has been considered last, the

procedure cannot begin until T is known.

He.2  Effects of lodifications on gaes pressure
calculations : »

Le2el Carbon Konoxide Partial Pressure, Pﬁo‘

Belfore considering the effects of the modifications
cn PCO’ the“effect of chanying silicon content,
verticularly at 1aw silicon lcvels will be demonstrated,
sce Tig. A2, It will be noted that the calculated
PCO changes extrembly rapidly when the silicon content
of the steel is varied iﬂ.the range nil to 0,037,
Beyond this Jevel the changg'in<FCO becemes less

noerked as -silicon varies,

Ae2elel Tnberaction effects

Examples of'intgraqtion effects on P, are
given in figs. A3-5¢ Cearbon levels considered'are
0.10% (fige 3)s 04205 (£ige L) and 0.50% (fige 5)
at 'a constant manganese level of l.qk;' Only 0.1l0.
gilicon is considered at'O.ZO and 0.5 carbon,
but at'o.lqp carbon, three levels of silicon are

dealt withe It is found that the interaction



coefficients lowering T and fo to values less than
unity., see Tables IV znd V, are dominant.
Consequently, the net effect of introducing the
coeificients into the calculaticns is to 1Qwer,

the product fc.fo)and hence PCO‘ The magnitude

of these chenges is found to increase with:

(i) increasing carbon content for fixed manganese
and silicon levels and at & particular stége of
solidification. | |

(ii) increasing ¢ solidified for a particulaf initial
composition, |
(iii) inereasing silicon content for fixed carbon
andG manganese levels at a particular stage of
solidification. (Though not shovn, a similar result
ié obtained ii the manganese is increased at coﬁstant
corbon, ‘silicon and 50 solidified).

“COo
(ieee before intcraction) at the higher carbon levels,

Because of the greater initial values of P

the magnitude of the change in PCO at these levels

ig much higher then at low carbon levels. In fig. AB‘
it is cvident that the changes in Py, at 04037
silicon caused by interaction are larger than at

C,10 and 0.257 silicon. This is only because,
at'0.0B% silicon is higher than at

initially,'PCO

C.10 and 0.257. "he percentage change in PCO increases
with increasing silicon content according to point

(iii) above.



The gas preseures in figs. A3 to 45 were
calculated at constant temperatures, each temperature
being determined by the initial carbon content of the
steel under consideration according to equations A35
~and A36, For 0.10, 0,20 and 0,505 carbon, the
temperatures were 1530, 1522 and 1500°C respectively.
Ad241.2 Effect of 6 to ¥ change |

None of the P, curves in fig. A3 and A5 show
 the'effects of exceeding 0.5% carbon during solidification.
For O,loﬁlcarbon,_the pfimary solidification phase

was & at all stages of solidification,'while'for 04505
'earbon, the primary phase was Y at all times. The
effects of phase chenge during the solidification

process are, however, shown clearly in figs. AL and A6,
where Péo curves for a 0.207 carbon steel are considered.
The carbon 1e#e1 exceeds 0.5% at approximately 75%
solidified, causing the normally smooth curves to 'kink'.
In fig. A6 the pressures were calculated ignoring
interaetion effects.s It is seen that allowing the
distribution coeificients to change during the course

of solidification produces a decrease in PCO’ cau81ng

the curves to level off from about 75% solidified
onwards., In fig. A6 pressure curves were drawn primarily
to demonstrate the interaction effects mentioned earlier)
bﬁt show clearly that PCO levels off when solidification

to Y begins.



5ie24led Effect of Varyine Solidification Temmerature

Constant and varying temperature ceolculations are
compared in figs. A7 to A9, In the case of constant
tenverature caleulations, the sclidificetion temperaturc
is determined by the initial carbon content of the steel
(i.e. at nils solidified) and remains fixed, TFor
varying temperature calculations, the reasction temperature
is governed at cach stage of solidification by the
carbon content of the enriched interdendritic liguid.

In all cases interaction effects are included,

. The vslues of PCO obtained by varying the
soiidification temperature are lower then at constant
tepcreture. 'The difference in PCO increases during
solivification as the carbon concentrates in the
interdendritic liguid. Llso the eflfect of varying temperature
beceweiics more pronounced as the initial carbon content of the
steecl increases. Carbon levels considered are again 0.10,
0.2G and 0,507, at 1.0 manganese. The & to ¥ change
in the 0.207% carbon steels does not appear to affect the
trend in results. At 0.20 and 0,507 carben only 0,107

silicon is considered, but at 0.1CL carbon, 0,03, 0,251

]

o

¢

ilicon are also again dealt with.,. The magnitude of the

&)

drecp in Pco)resulting from varying temperature)increases
with decrecasing silicon. However it is found that the
percenvage drop in Pso remains constant, as is to be
expected since the temperature effects are governed solely
by the carbon content of the steel.

It was shown in Turkdogan's vapcr S“_) that a

reduction in temperature reduces the oxygen in solution.



(See also scetion A.1.2 of the Appendix). Since the
1iquidus temverature decrecases with incfeasing carbon
contcent, it is obvious thoi Qllowing the temperature to
change in this way vvill result in a reduction in the
dissolved oxygen, and hence PCo. |
The bhangeS’in PCb)resulting from varying the
301idification temperaturc,are sm:ller than those coused

by interaction effects.

Ko,2.2 Hydrogen end Nitrogen FPartizl Pressures, P., and P.
. ] . ) » - Ll J.‘-2

Before considering the effects of modifications on
PHO'and PNQ)it is pertinent to demonstirate the variation
inhthesc gas vressures during solidification using the data
sunplicd by Turkdogsn (#8). Tnis is dome in fips. A10 end
11, for 3, 5 and 7 ppm hydrogen gnd 0,004, 0.CC8, 0,012 and
O.Cléﬁ nitrogen. Curves for both &6 and ¥ sélidification
are shown and it is cvident that gas pressurce developed
duriag'solidificétion to O are greater than those during
sclidification o T |

In order to simplify the diagrams showing the effects
of interaction, etc., only single 1évels of hydrogeﬁ and
nitrogen were considered, To denonestrate the’effects mnost
clearly, fairly nigh levels of thé.two gases, (with respect
to the levels obtoined in ihe najority of mcdern stcel-
maiving practices for plain carbon stccle) vere chosen, viz.

7 vpm hydrogen and 0,016, nitrogen. <&t lovwer concentrations

ct

hoen thcse)the cffecets ¢f interactiony etc., will be les

proncunced,



A2.21 Intersction c¢iiects

Exemples of intersction effectis are showvm in
figs. Al2-17 for the three carbvon levels 0,10, 0.20 and
'O.5Q;,constant 1.0, manganese and 0.105) silicon. For

hydrocen the net effect of interaction is to increase

PH at ezch of the chosen compositions and at both the
2 ‘ .
beginning and end of solidificetion. This is because

the vositive interaction terms for carbon cnd silicon,
sec Tables VI and VII are found to be larger than the
ncretive terms for manganese’and hence fH'exceeds unitye.

For a particular composition the change in PH resulting
2

Troi interaction increases progressively during
)y R ©

cJ;ceﬁtrates at a Taster rate than manganesc in the
ipterdendritic 1iquid., In the case of nitrogen, in the
Co.10.. carbon stcels, the negative term for manganese was
Pound Just to outweigh the positive terms for carbon end
silicen during the very early stages of solidification, and

f.. was just less than unity. IHowever the drop in PN
-\ 2

this produces is too small to show in fige. Al3. As
sclicdification in the 0.1Cx carbon steel progresses, fF
A

excends unity and TP is higher than when no interaction
] . . .

2
ie considered, but the change in Py is smalle With

2
incrcasing carbon content, the increases in gas pressures
becone more marked. The effecis oi' increasing mangsnese

and silicon on PH and Pw are shown only qualitetively
2 T2

in {figse. Al2=Al7, where the pressures were calculated at



coastant tenrneraturc, coch termperature being determincd by
the corbon content of {the steel at nild solidified.

Ae2.2.2 TifPect of & to v chonre

The eflecis of chahging»from 6 to ¥ during solidificé—
tion on PH2 and PN2 are showm in figs. A1l end A15. The
phase change occurs at approximately 705 solidified, where-
upén the gas pressures begin o incresse less rapidly than
at earlier stages of solidification, in accordance with the

chenpe in distribution coefficients, see figs. £A10 and 4All.

e diff'erences in pressurce so preoduced increasc as

solidification progresses following the phase change.
Ho.ever, as shovn in figs. AllL and Al5, interaction effects

mey offset these differences.

Ae2.2.5 Bffect of Varving Solidification "emoerature

Constant and varying temperature calculations are
compared in figs. Al8-23, Interactioﬁ'effects are
inciunded in all the calculations. A4s bcforé, three carbon
levels 0,10, 0.20 and 0.50. are considered, at constant
1.C, manganese and 0,1CY silicon.,

Louations 332 and 433 show thet the solubilities
of hvdrogen and nitrogen decrease with4decreasing
tenperatures Consecuently as the carvon content of the

steel increascs, Py and P, must decrease for given
2 2

hydrcoen anda nitrozen cencentrationc. Thae effect on

P ic small even in the CJ.50,. carbon steel.where the

b
2

chongse in solidification temperature during solidification
ic scme 75°C. The effcct on PH is slightly more pronounced
: 2



than on ?Nz, buyv the changes arc less than those produced
by interaction and the § to ¥ phase changc. Changes
produccd by varying the solicilication temperature supplement
those produced by interaction but offset those resulting
n

from she O to ¥ transition.

A.235 Combined effects of lodifications on Gas Pressures

Since the original purpose of the theoretical work
was to czleulate the total pressure of gases in +he steel,

+ Py o+ Py ), the combined eifect of

H 2

Prota1l & Poo 5

interaction,etc. on this pressure will be demonstrated

teretier with the effectis on PCO’ ctc. The results are-

£

ghovn in figs. £24-:26,

It was shovn thet interaction, varying temperature

-

and the 6 to ¥ change all reduce Fop® Thesec effects,

.

adocd tcgether result in a marked cceerease in PCO’ which
beccoucs more pronounced as the initial carbon content of

ti¢ cteel incresses and as solidification procecds. In the

0.10 znd 0,505 carbon steels, Tigs. A2L and 426, the nct

elfect of modifications on PHZ and PNZ is an increase in
pressure which becomes more pronounced with increasing
curbon and as solidification proceeds. In the 0.20. carbon
stecels, fig. A25, ?Ng is grezter afiver modilications than
beiore thein, but the dilfference is reducced vo some exbent®
during the later stages of solidification by the effccts

oi tne O to T change. L'or PH2, the elfect of the pha
chonge is large enocuch, late in solidificatvion, to causc

e

n

the pressures)calcul&ted after modifications)to fall just



below those obtained without the modifications. The

pressure curves for PH in fig. 425 in fact cross at

90% solidified.
The outcome of. the effects described above. is a

. ¢’ . .
reduction in PTotal' At O0.1% carbon the change in PTotal

is fairly small, since the decrease in-PCO is almost
matched by increases in PH and PN

2 2
particularly during the later stages of solidification.

s which take effect

’ Total-
‘than at 0.,10%, in particular during the later stages of

At 0,20% carbon, the reduction in P is more marked
solidification after the phase change. The reduction

in P is even more marked at 0.50% carbon, than it is

Total
at 0.205) carbon except at 95% solidified. Here, the
effect of the o =Y change in the 0,205 carbon steels causes
the drop in PTotal to exceed that in the O.50 carbonv

steels,
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